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The achievement of sustainable and lasting effects from projects is a significant 
challenge for donors and the agencies implementing and supporting water supply in 
developing countries. The current estimations for Sub-Saharan Africa (SSA) suggest 
that only two out of three water points in rural areas on the continent are functioning at 
any given time. The region of SSA includes many of the world’s poorest countries, and 
sustainability of water supply services is vital concerning people without access to safe 
drinking water. Not surprisingly, many policies and planning decisions are taken 
without access to adequate data, a situation that increases the risk of inappropriate 
measures being adopted. The objective of the present study is to address the potential of 
applying geospatial technology to monitor the sustainability of rural water supply 
services. It focused on the Wami River Basin in Tanzania due to its diversified use, 
which benefits a multi-diversity of stakeholders and its role as a vital area for providing 
water, food and other natural resources. It is in the interest of this study to 
understanding reasons for “success” and “failure” of water points using Geographic 
Information Technologies (GIT) based approach to analyse factors of biophysical and 
human domains that respond to both in time and space. 
The study analyses the trends in annual and seasonal rainfall time series in the 
Wami River Basin during 1983–2017  for any significant changes in the patterns and 
how they affect the access to water supply services in rural areas. First, waterpoint 
mapping datasets were analysed considering seasonal variation. Later, the study focused 
on changes in land-use/land-cover patterns upstream and downstream and explored the 
spatial econometric technique by analysing the impact of land-use/land-cover change on 
water ecosystem services for domestic use in the basin. Lastly, I provide my vision of 
the water-food-land nexus giving attention to how it relates to agriculture expansion. I 
identify trade-offs between and assess the synergies associated with the influence of 
agriculture intensification and anticipation of water services concerning data 
availability. 
The results showed that water points were significantly affected by seasonal 
changes, both in terms of availability and water quality. There also exists a strong 
relationship between rural water services and seasons. With a time series of maps, 
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change analysis can reveal the overall development of the land distribution, including 
the detection of sites of different types of changes. In general, net gain and net loss were 
observed downstream, indicating that this region was more affected than upstream. I 
found that all measured land-use/land-cover changes and water point characteristic 
correlations were statistically significant; therefore, I concluded that land-use/land-
cover change affects the water ecosystem in the basin.  
These findings provide baseline information for decision-makers and 
stakeholders concerning water supply services for better planning and management 
decisions in the basin. Furthermore, the approach has contributed to the application of 
geospatial technologies in rural water supply services and might help pursue 
sustainability strategies in other basins. The approach based on detailed large-area field 
data to identify variations in the spatial distribution of the water service supply 
regarding quality and quantity to a reasonable degree of accuracy. Hence, it presents an 
excellent opportunity to provide relevant information about water supply services 
performance in response to spatially and temporally critical importance. However, due 
to the lack of up-to-date information, it does not cover other essential access aspects 
concerning the vulnerability of the water services like lack of financial and governance 
components that play a significant role in the sustainability of rural water supply 
services. Therefore, more studies should be undertaken to explore the use of Remote 
Sensing (RS) and Geographic Information Systems (GIS) with different temporal and 
spatial scales in future research, integrating institutional and socio-economic analyses of 





Das Erreichen nachhaltiger und dauerhafter Auswirkungen stellt für die Akteure und 
Financiers, die die Wasserversorgung in Entwicklungsländern umsetzen und 
unterstützen, eine große Herausforderung dar. Aktuelle Schätzungen für Afrika südlich 
der Sahara besagen, dass jeweils nur zwei von drei Wasserstellen in den ländlichen 
Gebieten funktionieren. Die Region Subsahara-Afrika umfasst etliche der ärmsten 
Länder der Welt. Es überrascht daher nicht, dass viele Richtlinien und 
Planungsentscheidungen ohne Zugriff auf entsprechende Daten getroffen werden. Dies 
erhöht möglicherweise das Risiko, dass unangemessene Maßnahmen ergriffen werden. 
Die gegenwärtige Studie soll dazu beitragen, Methoden zur Überwachung der 
Nachhaltigkeit der ländlichen Wasserversorgung aufzuzeigen und die Gründe für deren 
„Erfolg“ oder „Scheitern“ mithilfe eines GIT-basierten Ansatzes zu verstehen, um 
Faktoren biophysikalischer und menschlicher Domänen zu analysieren, die beide 
raumzeitlich reagieren. Die Untersuchungen konzentrierten sich aufgrund der 
vielfältigen Nutzung des Gebiets, die einer Vielzahl von Interessengruppen zugute 
kommt, und seiner Rolle als wichtige Region für die Bereitstellung von Wasser, 
Nahrungsmitteln und anderen natürlichen Ressourcen auf das Wami-Einzugsgebiet in 
Tansania. 
Die Studie analysiert die Trends der jährlichen und saisonalen Niederschlagszeitreihen 
im Wami-Einzugsgebiet im Zeitraum 1983–2017, um festzustellen, ob sich die Muster 
signifikant geändert haben und wie sie sich auf den Zugang zu 
Wasserversorgungsdiensten in ländlichen Gebieten auswirken. Datensätze der 
Wasserstellenkartierung wurden unter Berücksichtigung saisonaler Schwankungen 
analysiert. Darüber hinaus konzentrierte sich die Studie auf Änderungen der 
Landnutzungs- bzw. Landbedeckungsmuster stromauf- und stromabwärts und 
untersuchte die Verwendung räumlicher ökonometrischer Techniken, indem die 
Auswirkungen von Landnutzungs- bzw. Landbedeckungsänderungen auf 
Wasserökosystemleistungen für den häuslichen Gebrauch im Becken analysiert wurden. 
Darüber hinaus wurde der Einfluss von Landnutzungsänderungen auf verschiedene 
Elemente der hydrologischen Prozesse des Beckens mithilfe einer Hybridklassifizierung 
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untersucht, die unbeaufsichtigte und überwachte Klassifizierungstechniken umfasst, 
wobei die CA-Markov-Kettenanalyse zur Vorhersage und Simulation des 
Landnutzungszustands verwendet wurde. In der vorliegenden Studie wird ein 
kombinierter Ansatz verwendet, der ein SWAT-Modell (Soil and Water Assessment 
Tool) und eine Partial Least Squares Regression (PLSR) umfasst, um die Einflüsse 
einzelner Landnutzungsklassen auf Schwankungen der hydrologischen Komponenten 
zu untersuchen. Zum Schluss wird eine Vision des Wasser-Lebensmittel-Land-Nexus 
vorgestellt, wobei darauf geachtet wird, wie er sich auf die Expansion der 
Landwirtschaft auswirkt. Der Fokus lag auf miteinander verbundenen Prozessen von 
Wasser-Lebensmittel-Land und erörterte die Bedeutung des Verständnisses bestehender 
und fortlaufender Beziehungen zwischen diesen Parametern. Es wird ein Kompromiss 
diagnostiziert zwischen der Erweiterung unseres Verständnisses und der Aktualisierung 
unserer Meinungen durch Wissenschaftler darüber, wie sich die Expansion der 
Landwirtschaft auf die Dienstleistungen von Wasserökosystemen auswirkt. Darüber 
hinaus werden die Synergien im Zusammenhang mit dem Einfluss der 
Landwirtschaftsintensivierung und der Antizipation von Wasserdienstleistungen 
bezüglich der Datenverfügbarkeit dargestellt. 
Die Ergebnisse zeigten, dass die Wasserstellen sowohl hinsichtlich der Verfügbarkeit 
als auch der Qualität des Wasserst erheblich von saisonalen Veränderungen beeinflusst 
wurden. Es besteht auch ein enger Zusammenhang zwischen ländlichen 
Wasserdienstleistungen und Jahreszeiten. Anhand einer Zeitreihe von Karten kann eine 
Veränderungsanalyse die Gesamtentwicklung der Landnutzung aufzeigen, 
einschließlich der konkreten Erfassung der Lokalitäten mit unterschiedlichen 
Änderungstypen. Im Allgemeinen wurden im Unterlauf des Wami-Beckens 
Nettogewinne und Nettoverluste beobachtet, was darauf hinweist, dass diese Region im 
Vergleich zum Oberlauf stärker betroffen war. Es stellte sich heraus, dass alle 
gemessenen Landnutzungs- bzw. Landbedeckungsänderungen und 
Kennlinienkorrelationen von Wasserstellen statistisch signifikant waren. Daraus ergibt 
sich der Schluss, dass Landnutzungs- bzw. Landbedeckungsänderungen das 
Wasserökosystem im Becken beeinflussen. Aus der Studie zeigt deutlich, dass sich die 
Landnutzung im gesamten Becken geändert hat und dies voraussichtlich fortgesetzt 
wird und dass durch Landnutzungsänderungen verursachte hydrologische 
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Auswirkungen zu beobachten sind. Es wurde festgestellt, dass die wichtigsten 
Landnutzungsänderungen, die sich auf die hydrologischen Komponenten im Becken 
auswirkten, die Ausweitung von Kulturland, von bebauten Flächen und Grünland sowie 
der Rückgang natürlicher und bewirtschafteter Wälder waren. 
Diese Ergebnisse bieten Entscheidungsträgern und Shareholdern grundlegende 
Informationen zu Wasserversorgungsdiensten für bessere Planungs- und 
Managemententscheidungen im untersuchten Einzugsgebiet. Der verwendete Ansatz 
leistete  Beiträge zur Anwendung georäumlicher Technologien in ländlichen 
Wasserversorgungsdiensten und kann bei der Verfolgung von Nachhaltigkeitsstrategien 
in anderen Einzugsgebieten hilfreich sein. Darüber hinaus kann der auf detaillierten 
großflächigen Felddaten basierende Ansatz dazu verwendet werden, Unterschiede in der 
räumlichen Verteilung der Wasserversorgung hinsichtlich Qualität und Quantität mit 
angemessener Genauigkeit zu identifizieren. Daher bietet er eine hervorragende 
Möglichkeit, relevante Informationen über die Leistung von 
Wasserversorgungsdiensten für kritische zeitgerechte Reaktionen bereitzustellen. 
Aufgrund des Mangels an aktuellen Informationen werden jedoch keine anderen 
wesentlichen Verfügbarkeitsaspekte mit Bezug zur „Verwundbarkeit“ der 
Wasserdienstleistungen wie fehlende finanzielle und Governance-Komponenten 
behandelt, die eine große Rolle für die Nachhaltigkeit der ländlichen 
Wasserversorgungsdienste spielen. Daher müssen weitere Studien durchgeführt werden, 
um die Effizienz des Einsatzes von Fernerkundung (RS) und geografischen 
Informationssystemen (GIS) mit unterschiedlichen zeitlichen und räumlichen 
Auflösungen in künftigen Studien zu untersuchen und institutionelle und 
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The achievement of sustainable and lasting effects from projects is a significant 
challenge for donors and the agencies implementing and supporting water supply in 
developing countries [1]. The current estimations for Sub-Saharan Africa (SSA) suggest 
that only two out of three water points in rural areas on the continent are functioning at 
any given time [2]. Findings from the 1970s indicate that water schemes placed by the 
governments and development agencies in the countryside are not working after a short 
time [3]. It is estimated that between 35% to 80% of improved water supply systems are 
non-functional [4-6], and up to one-third break within the first few years after 
installation [7]. Many schemes fail to provide clean and safe water daily because they 
do not function entirely [5, 8-11]. However, there has been growing concern about the 
high failure rates of newly installed water points within the first few years after 
construction [12]. 
Malfunctioning and weak performing water points are not a new concern [13-15], 
with large-scale assessments and circumstantial evidence testifying the issue from the 
1980s [16]. However, population and economic growth have pushed water resources 
use beyond the limits of long-term sustainability in many rural areas in SSA regions 
[17]. In addition, improved water points functionality is assential because government’s 
fail to deliver and maintain services resulted to disappointing results of the Millennium 
Development Goals (MDGs) initiatives [18]. Since attention gradually turns to the 
sustainability of rural water supplies and not overall levels of coverage or access, water 
point functionality has become the primary concern for development practitioners and 
national governments, particularly in SSA [19]. The concept of functionality has 
emerged as a central topic within current development efforts to provide people with a 
safe and affordable water supply under the Sustainable Development Goals (SDGs) 
[20].  
Achieving long-term water supply coverage that reaches the poor people 
continues to present a considerable challenge for many governments in Africa [22]. 
There are different opinions about why water supply systems are not sustainable. 
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According to Sun et al. [23], providing safe drinking water in rural areas is a challenge 
because it is not easy to establish institutional arrangements to ensure the facilities are 
provided, maintained, and managed in an efficient, equitable and sustainable way. 
Madrigal-Ballestero [23] highlighted that one of the critical challenges is providing the 
infrastructure to serve rural communities and creating local institutions, policies and 
maintaining those systems over the long term. Also, the heavy emphasis on the 
construction of new infrastructure and inadequate attention to the maintenance of 
existing infrastructure [24] are cited as the main factor limiting sustainability. 
Previous research has identified sustainability connections, including; demand-
responsive approach, efficient financial models, community participation, dynamic 
management practices, post-construction support and advancements in water-lifting 
technologies [25-35]. These social, economic and technical elements are interconnected 
[36] and vary by country and program context, suggesting that rural water supply 
sustainability depends on several conditions [37]. As the sector enters the SDG's era, 
water professionals would benefit from taking stock of the successes and failures of past 
decades [38]. According to Whaley and Cleaver [19], safe water access in rural areas 
has two perceptions. First, the experience with donor-driven aid missions centring in 
rural areas does not work. Second, centrally delivered infrastructure for household 
connections is not valid in most rural areas in developing countries. The low population 
density in the countryside cause economies of scale and remoteness from urban areas 
makes convenient operation and maintenance by staff from the central supplier's 
complicated [39-41]. The literature has drawn attention to the relationship between 
functionality and sustainability [12,42,43], while a sector-wide realisation of the threat 
has raised concern on the issue [44]. 
In the last decades, the water sector has been experiencing a decentralisation of 
responsibilities, where decision-making transfers to local administrative units and 
decentralised bodies assume some political autonomy [45]. However, the links between 
decentralisation and poor planning are unreliable and achieved outputs vary between 
countries [45-49]. Moreover, management of water services has remained identified as a 
dominant but failing model in rural water service delivery in Africa [50], with growing 
evidence that payment by results systems promotes water point's sustainability [51]. 
Therefore, sustained functionality of improved water schemes in rural SSA is a critical 
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and management, policies, and practices must respond to these trends [52]. These can 
only be developed based on adequate information about resource availability, its 
variability in time and space, and information about existing and future uses.  
The post-2015 development agenda is being established, strengthening data 
production and better data in policymaking and monitoring are becoming a fundamental 
means for development [53]. The development efforts that followed this mandate were 
strongly oriented towards attaining high levels of coverage. In relative terms securing 
the long-run sustainability of water supplies took subsequent place to achieve the goals 
for coverage [54,55]. The region of SSA includes many of the world's poorest countries, 
and sustainability is vital concerning people without access to safe drinking water. Not 
surprisingly, many policies and planning decisions are taken without access to adequate 
data, a situation that increases the risk of inappropriate measures being adopted. In 
several cases, this is done without recognising a long-term vision for planning and 
managing the existing condition. 
Achieving universal access to safe drinking water requires understanding the 
conditions that enable sustained functionality of rural water infrastructure. Successfully 
coping with sustainable rural water supply challenges and handling future demands 
depends on water point's management, including data about the actual future state of 
water sources. These are particularly important in many water-planning applications, 
which require data on various geological, social, physical and environmental attributes. 
It is in the interest of this study to explore the use of Geographic Information 
Technologies (GIT) based approach to improve the sustainability of rural water supply 
in Sub-Sahara countries with an assumption that the lack of data will severely constrain 
the future planning and management in the water sector. 
1.2 The Motivation for Research Issues 
Despite the use of the term ‘sustainable’ within Millennium Development Goals 
(MDGs), which sought to ‘halve, by 2015, the large population do not have an access to 
safe drinking water and basic sanitation, [56,57]. In recent years, much progress has 
been made in extending rural water services to unserved communities worldwide, while 
the improvement has been uneven in different areas. [58]. The vast majority of the 
unserved live in rural areas of the least developed nations, where most fetch water at 
some distance from their homes [59]. Currently, 884 million people worldwide still lack 
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access to essential drinking water services [60]. Worldwide, only a total of 29% of the 
rural population has access to safe drinking water on their premises today [61]. 
Moreover, 83% of the world population without access to improved water supplies lives 
in rural areas, suggesting that rural communities remain severely underprivileged 
[62,63]. The figures for Africa are less impressive: 89% of the world population enjoy 
piped and other improved water supplies, only 63% of people living in SSA [62]. 
With the advent of the MDGs, emphasis was placed on extending the provision 
of improved water sources to the many millions of people worldwide who lacked them 
[53]. In the 2030 Agenda for SDG’s, Member States reaffirm their "commitments 
regarding the human right to safe drinking water and sanitation". SDG 6 aims to 
"Ensure availability and sustainable management of water and sanitation for all" [64]. 
Apart from approval some bold targets for 2030, they pledged that each country would 
undertake the most significant endeavour to “reach the furthest behind first” and achieve 
the goals for every group, with no one left behind [64]. According to Bringezu [65], the 
implementation of SDG’s is based on the sustainable use of resources as an obligation 
to achieve them since all goals are directly related to natural resource use. A 
fundamental question is how to achieve goals that emphasize sustainable supply of 
resources such as SDG 6 (water) without compromising plans which address the 
protection of life-sustaining systems [66]. According to Hettiarachchi and Ardakanian 
[67], the nexus approach may help the purposes and cope with the challenges posed by 
different aspects such as land-use change, climate change, urbanisation and population 
growth on resources management. This is where trade-off analysis can prove to be 
imported into resources interlinkage. At the same time, synergies will determine the 
success of ensuring a balance and mitigating effects in resources planning and 
management [68,69]. 
The importance of the nexus approach for achieving the resources management 
can be assumed slightly from conceptual considerations, and the complex question 
remains how to adopt and implement it [70]. The sustainable management of resources 
is relevant for water sector services, while solid links exist between land use and 
agriculture [66]. Many natural resources are interrelated, which already points to the 
need for a nexus approach [71,72]. A collective and potential argument is the need for 
monitoring strategies reflecting the nexus approach across sectors while monitoring the 
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outlined footprints for evaluating the effectiveness of resource policies across scales 
[73,74]. These require systematic data observations at the local community level and 
subsequent decisions, including the collaboration of various stakeholders [75]. 
Integration of any known scientific technology leads to better, improved understandings 
and helps different stakeholders solve and predict the emerging new problems [66]. In 
general, combining GIT-Based tools and techniques works as a central concept in water 
sector management. However, when a question arises on whether the monitoring and 
modelling have to be integrated, then the answer should be yes. 
Domestic water supply projects in rural communities have constituted one of the 
primary forms of global development in recent decades. The availability of drinking 
water is an essential issue from the perspective of water quantity and quality and social 
and development in general [76]. Saravanan and Antunes et al. [77,78] states that water 
availability is an essential element in socio-economic development and poverty 
eradication. In contrast, rural water supply is a complex and challenging issue because it 
covers hydrological and biological systems and the needs, values, and concerns related 
to human purposes. Several countries in the SSA region recognise that water is an 
essential part of the country's development and have undertaken a significant plan to 
improve and increase access to safe drinking water, including Tanzania. The Tanzanian 
government has initiated the Water Sector Development Program (WSDP) project, 
supported by several Development Partners (DP’s), to improve and increase access to 
clean and safe water. The project contains three subprograms: Water Resources 
Management and Development (WRMD), the Rural Water Supply Services Programme 
(RWSSP), and Urban Water Supply and Sewerage (UWSS). The RWSSP establishes 
targets for the percentage of rural populations with sustainable and equitable access to 
clean and safe water:  
• At least 65% services coverage by 2010 (a goal set by the National Strategy for 
Growth and Reduction of Poverty (NSGRP)) 
• At least 74% services coverage by mid-2015, as specified by the Millenium 
Development Goals 
• At least 90% of services coverage by 2025.   
The actual results of implementation showed that services coverage had 
increased from 57.1% in 2007 to 68% in 2015, as reported in the Water Sector Status 
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Report [79]. However, a water Point Mapping (WPM) report by the GeoData 
Consultant 2013 shows that 38% of constructed water points in the country are not 
functioning, while most water points do not function after a short time. Thus, improved 
water service coverage has failed to translate into an assurance of reliable service 
delivery [80-82]. At the same time, many technical and non-technical mentioned 
influencing the sustainability of rural water supply projects [8]. Sustainability implies 
that development must be compatible with the ecological, economic and social 
boundary conditions and maintain the resources for the future  [28, 32]. Further, 
population growth should be within the capacity of the water resources, and their 
carrying capacities need to be managed and monitored. 
Data is crucial in these strategies to evaluate challenges towards sustainable 
resources management, policies, guidelines and monitoring of integrated management 
approaches [83]. The United Nations has highlighted issues of data quality and data 
collection abilities to monitor and measure various indicators affecting water supply 
services [84]. Geospatial data is one of the most promising data sources. However, 
according to Kurian [85], the challenge is compounded by two factors: the data 
collected are not suitable for monitoring management updates. The links between the 
data and updated management are not apparent in publicly available information. In 
various developing countries, many geospatial data applications are still being used as 
advanced digital cartographic systems oriented towards maintaining digital geographic 
data [86-88].  
Hence, the future of the distributed GIT-Based approach will be invaluable for 
applications such as water supply, water pollution, and environmental monitoring if the 
analysis, data, and models are not used in the decision-making process. To adequately 
react to these challenges, one would need an adapted and integrated water management 
on the water supply side and a decoupling of GIT-Based approach development to 
integrate the increasing water demand and sustainability [89]. 
 
1.3 Objectives of the Study 
The overall objective is to assess the sustainability of rural water supply in Sub-Saharan 
Africa with a focus on GIT-based approach in Northern Tanzania. To reach this goal, 
the following specific objectives were pursued.  
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• To analyses seasonal and annual rainfall trends and their impact on rural 
water supply services. 
• To analyse the impact of land-use/land-cover change on ecosystem services  
• To assess the prospects of water-land-food nexus to improve water 
ecosystem services for domestic use. 
1.4 Description of the Study Area 
The Wami River Basin located between 5°–7°S and 36°–39°E, prolongs from the 
semi-arid Dodoma Region to the humid inland swamps in the Morogoro Region to 
Saadani Village in the coastal Bagamoyo District [90]. It has an area of nearly 41,170 
km2 and its elevation range from 0 to 2382 m a.s.l (Figure 1). The Wami River Basin 
comprises three Sub-catchments including Kinyasungwe, Mkondoa and Wami from the 
upstream. The source of Wami River is Chandama highland located in Northern West 
of Tanzania, and it flows through Dodoma, Bahi, Chamwino, Mpwapwa, Kilosa and 
Bagamoyo then flows into the Indian Ocean and total length is approximately 637km. 
The characteristic of Wami River is as follows: A primaeval river is inundated and 
eroded by the rapid flow. After this stretch, the river becomes a slow flow, and the 
sedimentation is occurred by the soil and sand produced from the upstream. After 
Dakawa, the river becomes rapid slope again. The area near estuary is slow down and 





Figure 1 Map of Wami River Basi 
The population of Wami/Ruvu Basin can be estimated to be 9.9 million based on 
the 2012 national population census. According to the inventory survey conducted 
within a project carried out by the Japan International Cooperation Agency (JICA, 
Tokyo, Japan) [91], the total population in Wami/Ruvu Basin in 2035 is forecasted to 
amount to 12.58 million, of which 7.39 million (59%) and 5.20 million (41%) are urban 
and rural populations, respectively. The Wami/Ruvu Basin located in six regions and 21 
districts. Six regions located in the Wami/Ruvu Basin among twenty-five regions in the 
county contribute to the national economy, of which ratio amounts to 34.8% in 2015. 
According to the National Bureau of Statistics (NBS) [92], Dar es Salaam Region alone 
contribute to the national economy, sharing 17.2 percent in entire national Gross 
Domestic Product (GDP). 
Agriculture is the main socioeconomic and subsistence livelihood in Tanzania 
accounts for approximately 80 percent of the employed population. Main crops grown 
in Wami/Ruvu Basin include sugarcane, paddy (rice), cassava, maize, sweet potato, 
coconut, vegetables, banana, sisal, and legumes. The two agricultural activities in the 
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Wami Catchment are rain-fed crops, widely grown in semi-arid areas in Dodoma, 
Mpwapwa and Kongwa and irrigation schemes that found in wetter districts such as 
Kilosa and Movomero in Morogoro Region. In the Wami Catchment, there are no 
significant industrial developments except a sugar company located in Mvomero 
District in Morogoro Region. The company relies on the main water source for its 
production from the Wami River. Regionally in Bagamoyo District, salt production is a 
significant economic activity. Another significant economic activity in the Wami/Ruvu 
Basin is livestock keeping. In the year 2011, total numbers of livestock in the 
Wami/Ruvu Basin were estimated at ca. 1.15 million for cattle and ca. 1.04 million for 
goats and sheep [92]. Livestock keeping in Wami Catchment area are around Kambala 
and Mindu Tulieni Villages. 
Characteristics of the rainfall in the Wami/Ruvu Basin are an annual rainfall at the 
coast is about 1100 mm and decreases towards inland where about 600 mm is received. 
The biggest rainfall received in the Uluguru and Nguru Mountains with more than 2500 
mm of annual precipitation. The inland has only one rainfall season centered in 
December whereas the rest of the Basin has two rainfall seasons with major one 
centered in April and minor one centered in December. There are two rainfall regions in 
the basin: 
• The unimodal rainfall region covers the western and southwestern parts (one wet 
period November-December-January-February-March-April (NDJFMA)) and 
• The bimodal rainfall region includes the eastern and northeastern part of the 
basin (two wet periods, October-November-December (OND), and March-
April-May (MAM)).  
Air temperature in the coastal area is higher than that inland because of its lower 
elevation. The lapse rate of air temperature is about 0.005 deg C/m. The maximum 
temperatures recorded in November – February and the minimum temperatures 
recorded in June - August. The annual range of temperature tends to increase toward the 
inland and the south. Specific humidity expresses humidity level in the air, and it shows 
a rate of vapour in the damp air including vapour and dry air. Specific humidity at the 
coastal area is higher than that in inland, and annual range of specific humidity tends to 
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increase in inland in Wami/Ruvu Basin. The maximum specific humidity records are in 
February - March, and the minimum records are in July – August.  
The easterly wind blows all year round; the wind has a southerly component in July 
and a northerly component in January as the migration of the Intertropical Convergence 
Zone (ITCZ). The strong wind blows on the ocean and becomes weak inland. The 
reason of this characteristic is a location of Wami/Ruvu Basin as ITCZ. Characteristics 
of the downward solar radiation in the Wami/Ruvu Basin are varied spatially and 
monthly a little. The downward solar radiation reaches the maxima two times in March 
and October a year, and it reaches the minimum in May - June. Evapotranspiration is 
the total of evaporation and transpiration into the air from the ground and plants 
respectively. The actual evapotranspiration in Wami/Ruvu Basin is about 47% of 
potential evapotranspiration, and Potential evapotranspiration varies seasonally and 
reflecting the seasonal variation of air temperature and solar radiation. The values of 
actual evapotranspiration in the dry season (July – September) are much less than those 
of potential evapotranspiration because only a little rainfall received as water supply in 
almost all parts of the basin. Moreover, the high value of actual evapotranspiration 
shown along rivers since water supplied from rivers seasonally or all the year around. 
Wami Catchment comprises with five basin’s draining zones that includes; upland 
plains, mountain torrents, inland plains, rejuvenated cascades, and coastal plains 
characterise the topography of study area. Rivers in upland and mountainous areas are 
relatively straight, confined channels while in the inland and coastal plains, meandering 
system, broken in a few places by small cascades at gradient breaks is domination. On 
the other hand, a cascade zone can be seen near Wami at Mandera, just upstream from 
the bridge crossing on the Chalinze-Segera highway.  The dominant soil textures are 
loamy and sandy-clay-loam, which constitute 38% and 41% of the river basin area 
respectively. The dominant land cover types over Wami Catchment, include woodland, 




1.5 The Organisation of the Chapters 
The main parts of the thesis have been prepared as independent manuscripts and 
published in to international peer‐reviewed journals. The stand‐alone manuscripts were 
written originally by the author of this thesis and subsequently revised by the 
co‐authors. As each of the manuscripts follows the standard structure for a scientific 
publication, some limited statements are repeated. The contents of the articles in this 
thesis are listed as follows:  
Table 1 How individual paper/chapter respond to the specific objectives 
Specific Objective Publication 
Specific Objective 1 
Twisa, S.; Buchroithner, M.F. Seasonal and Annual 
Rainfall Variability and Their Impact on Rural 
Water Supply Services in the Wami River Basin, 
Tanzania. Water. 2019, 11, 2055. 
Specific Objective 2 
Twisa, S.; Buchroithner, M.F. Land-Use and Land-
Cover (LULC) Change Detection in Wami River 
Basin, Tanzania. Land. 2019, 8, 136. 
Twisa, S.; Mwabumba, M.; Kurian, M.; 
Buchroithner, M.F. Impact of Land-Use/Land-
Cover Change on Drinking Water Ecosystem 
Services in Wami River Basin, Tanzania. Resources 
2020, 9, 37. 
Specific Objective 3 
Chapter 5: Water-Land-Food  Nexus and 
Agriculture Expansion: Prospects for Enhancing  
Water Ecosystem Services in Tanzania. Water. 
2021. 
 
Thus, the present thesis is divided into the following chapters. 
Chapter 1 provides ta general introduction and an overview of the study. It highlights 
the background, the problem and the objectives addressed by the study. 
Chapter 2 analyses the trends in annual and seasonal rainfall time series during the 
period 1983–2017 in the Wami River Basin and how they affect the access to water 
supply services in rural areas. The study analyses the trends of rainfall series of three 
stations using simple regression, Mann–Kendal Test and Sen’s Slope Estimator. Also, 
the water point mapping datasets were analysed considering seasonal variation.  
Chapter 3 presents the potential of using Remote Sensing (RS) techniques and 
Geographic Information Systems (GIS), the study focused on changes in land-use/land-
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cover patterns of the upstream and downstream Wami River Basin over 16 years. 
Multitemporal satellite imagery of the Landsat series was used to map land-use/land-
cover changes and was divided into three stages (2000–2006, 2006–2011, and 2011–
2016). Hybrid classification, which includes unsupervised and supervised classification 
techniques, is used in the processing the images (2000, 2006, 2011 and 2016). 
Chapter 4 explores the use of spatial econometric technique, we analysed the impact of 
land-use/land-cover change on water ecosystem services for domestic use upstream and 
downstream of the Wami River Basin.  
Chapter 5 provides my vision of water-food-land nexus, giving attention to how it 
relates to the agriculture expansion. My focus considered interconnected and processes 
of water-food-land and discuss the significance of understating existing and ongoing 
relationship between them. I identify the trade-off between to extend my understanding 
and updating scientists about my opinions on how agriculture expansion affects water 
ecosystem services. Further, I assess the synergies related to the influence of agriculture 
intensification and anticipation of water ecosystem services concerning data availability. 
Finally, Chapter 6 concludes the dissertation. It provides the research conclusions, 
recommendations and outlook. 
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2.1 Abstract 
In some parts of Africa, rainfall variability has resulted in widespread droughts and 
floods, thus posing a substantial challenge to water availability in rural areas, especially 
drinking water. Therefore, due to increasing water demands, increases in the population, 
and economic development, water supply systems are under constant stress. One of the 
critical uncertainties surrounding the effects of rainfall variability in Africa is the 
significant impact that it imposes on rural water supply services. The present study 
analyzes the trends in annual and seasonal rainfall time series in the Wami River Basin 
to see if there have been any significant changes in the patterns during the period 1983–
2017 and how they affect the access to water supply services in rural areas. The study 
analyzes the trends of rainfall series of three stations using simple regression, Mann–
Kendal Test and Sen’s Slope Estimator. The water point mapping datasets were 
analyzed considering seasonal variation. The analysis showed a statistically significant 
positive trend in annual rainfall at Kongwa and March–April–May (MAM) seasonal 
rainfall at Dakawa. The maximum increase in annual rainfall occurred at Kongwa (5.3 
mm year−1) and for MAM seasonal data at Dakawa (4.1 mm year−1). Water points 
were found to be significantly affected by seasonal changes, both in terms of availability 




Keywords: Wami River Basin; rural water supply; water points; water point mapping; 
time-series data 
2.2 Introduction 
Rainfall is the most critical meteorological phenomenon on earth for the natural 
environment and human life, making it the most vital ecological factor [1]. In several 
parts of Africa, rainfall variability has resulted in widespread droughts and floods, thus 
posing a substantial challenge to water availability [2]. Though water supply systems 
are under constant stress due to growing water demands, economic development, and 
increases in the population [3], one of the critical concerns surrounding the effects of 
rainfall variability in Africa is the significant impact that it imposes on rural water 
supply services [4]. Water is a requirement for human existence and changes in its 
supply can potentially have significant consequences, mainly in rural areas, where the 
population depends on local rivers for their water supply [5].  
Rainfall is directly connected with global climate change and is subject to variability. 
Therefore, rainfall trend analysis at different temporal and spatial scales is a vital 
concern [6,7]. Worldwide climate change has evident wide-ranging impacts on natural 
resources, including freshwater ecosystems [8]. It’s devastating impacts are agreed upon 
among researchers and policy-makers worldwide but the extent of exposure to different 
regions of the biosphere differs [9]. According to the Intergovernmental Panel on 
Climate Change (IPCC) Report [6], the rural underprivileged in developing countries 
are the most exposed to the effects of climate change. Climate change will cause an 
intensification of rainfall variability, thus resulting in river flow fluctuations and a 
higher frequency of droughts or floods [10–16]. The increased or decreased annual 
rainfall in various areas affects the annual and seasonal runoff and hence, water quality, 
water supply, and flood hazards [17].  
Previous studies have highlighted the connection between rainfall variability and water 
access, as well as demand and quality. According to Calow et al. [18], during the 
drought season, access to safe drinking water can be a critical problem because of water 
access, availability, and limitations and control of water usage. Seasonal variations in 
rainfall affect the availability of water, while eco-social processes may affect access 
[19]. Moreover, some studies demonstrate that contamination varies with season and a 
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clear trend for faecal contamination appears to be more common during the wet season 
[20]. Several studies on the influence of rainfall variability on water resources in Africa 
(e.g., [21–26]) have been conducted, so far, information on the effects of seasonal and 
annual rainfall variability in rural water supply services is still lacking.  
Rainfall variability plays a significant role in several disciplines. For example, in 
engineering, variability in time and magnitude influence the designing of structures for 
different uses including hydropower, irrigation, and water supply [27]. Water supply 
comprises the provision of drinking water, domestic use, and irrigation while its 
availability is controlled by universal water distribution [28]. Water managers have to 
continuously deal with annual, seasonal, and daily changes in rainfall, lake levels, 
stream flows, and other features of the water cycle [29,30]. Their ability to adapt to the 
predictability of climatic variability is a crucial factor contributing to their achievement 
[31]. Therefore, an evaluation of historical trends on rainfall inconsistency at a local 
scale is essential for managing water supply services [32-34], especially in the Wami 
River Basin.  
The quantity or availability of water for various purposes is very much dependent on the 
amount of rain. Furthermore, water supply depends on the accessibility of source and 
amount of water, which directly depends on rainfall variability and processes that 
include when and where the rain will fall. There is inadequate evidence signifying the 
extent of the impact on the rural water supply services, as well as the essential 
movements to be considered to deal with the impact. Moreover, the available evidence 
about the level of impact and essential adaptation measures is limited and inconclusive. 
Hence, the current study analyzes the trends in annual and seasonal rainfall time series 
in the Wami River Basin of Northern Tanzania to find out if there have been any 
significant changes in the patterns during the period 1983–2017 and if so, how they 
have affected access to rural water supply services.  
2.3 Methods and Data 
The total monthly rainfall data series (1983–2017) of Kongwa, Dakawa, and Mandera 
were obtained from the Tanzania Meteorological Agency. The data were used to 
compute the annual and seasonal rainfall trends. The present study analyzes the trends 
of rainfall series of each station using simple regression, Mann–Kendal Test, and Sen’s 
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Slope Estimator. Parametric and non-parametric approaches are commonly used to 
study trends in datasets. For this study, Sen’s Slope Estimator [35] was used to examine 
the extent of the trend in the time series, while the Mann–Kendall (MK) test [36,37] was 
used to analyze the significance of the trend in the seasonal and annual rainfall data 
series. All statistical analyses of annual and seasonal rainfall data were carried out using 
XLSTAT software and an Excel spreadsheet. 
Data from the Water Point Mapping System (WPMS) (http://wpm.maji.go.tz/), which is 
managed by the Ministry of Water, Tanzania, were used to analyse the seasonal 
variation of water points in the Wami River Basin. The data were downloaded on 
August 2016. Information regarding three typologies of water points was selected. 
These include water point functionality, water quantity, and water quality. Only water 
points whose sources are from surface water were considered. Water point data 
exported from the WPMS to a spreadsheet were subsequently saved as a comma-
separated value (CSV) file. During fieldwork in both the dry (August to September 
2016) and wet seasons (March to April 2017), a total of 356 water points were verified. 
Then, an analysis of Water Point Mapping (WPM) data considering the aspects of water 
quality, water quantity, and status was performed using Quantum Geographical 
Information System (QGIS) software.  
Primary data were collected from different sources using questionnaires, oral 
interviews, and personal observations. A total of 60 surveys were randomly distributed 
over the water-points. All 60 questionnaires were filled out by the respondents. Oral 
interviews were conducted with officials of the local government who had a historical 
understanding of the subject matter, including those who could not read or write. The 
data obtained were presented in the tables of frequencies and percentage. Secondary 
data, such as the amount of water supplied from the intake and other appropriate 
information, were collected from the Local Government Authorities (Kongwa and 
Chalinze) and literature. 
2.3.1 Statistical Test for Trend Analysis 
Trend analysis is a very useful and essential tool for projecting and managing water 
resources. Trend investigation of hydrological variables, such as precipitation and 
discharge offer evidence for the possibility of variation of the variables in the future 
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[38]. In the current study, simple regression (parametric) and non-parametric methods 
(Sen’s Slope Estimator and Mann–Kendall) were used to analyze the trends in annual 
and seasonal rainfall. The advantages of non-parametric testing include the following 
[39]: 
These statistics are considered to work with a dataset that has more substantial 
variances; 
• They can be useful for interval, ordinal, nominal, and ratio data; 
• The test is not affected, even if the deviation of the dataset is extreme; 
• The test can be successfully applied to the skewed dataset. 
2.3.2 Simple Regression Model 
The simple linear regression model is one of the most suitable parametric models to 
detect the trend. The approach of linear regression involves an assumption of constant 
variance, normality of residuals and accurate linearity of relationship [40]. The simple 
linear regression model can be defined as follow:  
                                          𝑌𝑌 = 𝑎𝑎𝑎𝑎 + 𝑏𝑏                                                                           (1) 
where t is time (year), a is slope coefficient and b is least-squares estimate of the 
intercept. 
The slope coefficient shows the yearly average rate of variation in the hydrologic 
characteristic. When the slope is significantly changed from zero, statistically, it is 
rational to interpret that there is a real variation happening over time. The symbol of the 
slope describes the direction of the trend of the variable, decreasing if the sign is 
negative and increasing if the sign is positive.  
2.3.2.1.1 Significance of Trend 
The Mann–Kendall (MK) test is a non-parametric test [36,37] which has been identified 
as one of the unique approaches to study monotonic trends in hydrological variables. 
The MK test tests the monotonic significance (increasing or decreasing) trends in 
hydrological variables and is frequently used to study trends in time series dataset [41]. 
It is one of the most appropriate ways to evaluate rainfall trend and one advantage is 
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that it does not need normally distributed dataset [41,42]. The MK statistics (S) can be 







where n represents the sample size, Xj and Xk are consecutive data for kth and jth terms, 
and 
𝑆𝑆𝑠𝑠𝑠𝑠𝑠𝑠�𝑋𝑋𝑗𝑗 − 𝑋𝑋𝑘𝑘�=�
+1, 𝑠𝑠𝑖𝑖 𝑥𝑥𝑥𝑥 − 𝑥𝑥𝑋𝑋 > 1
0, 𝑠𝑠𝑖𝑖 𝑥𝑥𝑥𝑥 − 𝑥𝑥𝑋𝑋 = 0
−1, 𝑠𝑠𝑖𝑖 𝑥𝑥𝑥𝑥 − 𝑥𝑥𝑋𝑋 < 1
 (3) 
The statistics S is treated normally distributed when n ≥ 18 with zero mean and variance 
𝑉𝑉𝑎𝑎𝑉𝑉(𝑆𝑆) is given by 
𝑉𝑉𝑎𝑎𝑉𝑉(𝑆𝑆) =
𝑠𝑠(𝑠𝑠 − 1)(2𝑠𝑠 + 5)
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 (4) 
When there are bonds in the data, the Var(S) is calculated as follows: 
 
𝑉𝑉𝑎𝑎𝑉𝑉(𝑆𝑆) =  
1
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Where n represents the number of tied groups and represents the sum of all dataset in 
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2.3.2.1.2 Magnitude of Trend 
For the analysis, the trend magnitude present in the hydrological time series data, the 
slope estimator (β) explained by [35,43] was used. If the computed value of β is 
positive, it shows an increasing trend, while a negative value indicates a decreasing 







 𝑖𝑖𝑓𝑓𝑉𝑉 𝑠𝑠 = 1,2, … . ,𝑁𝑁 (7) 
where 𝑥𝑥𝑥𝑥 and 𝑥𝑥𝑋𝑋 represent the dataset values at time 𝑥𝑥 and 𝑋𝑋(𝑥𝑥 > 𝑋𝑋), respectively.  
The median of this 𝑁𝑁 value of 𝑇𝑇𝑖𝑖 is Sen’s Slope Estimator, which is calculated as 
follows: 
 












… 𝑠𝑠𝑖𝑖 𝑁𝑁 𝑠𝑠𝑠𝑠 𝑓𝑓𝑜𝑜𝑜𝑜  
The computed value of 𝑄𝑄𝑚𝑚𝑚𝑚𝑚𝑚𝑖𝑖𝑚𝑚𝑛𝑛 is studied by a two-sided test at the 100(1 − 𝛼𝛼)% 
confidence interval. When the value 𝑄𝑄𝑚𝑚𝑚𝑚𝑚𝑚𝑖𝑖𝑚𝑚𝑛𝑛 is positive, then it shows an increasing 
trend, and a negative value indicates a decreasing trend. 
2.3.3 Water Point Mapping System 
The Water Point Mapping (WPM) approach was designed by the international Non-
Governmental Organisations (NGO), Water Aid to measure access indicators for 
improved water points in a specific area [46]. This method has been widely used in 
Africa by many NGO in many countries (i.e., Tanzania, Malawi, Ethiopia) for some 
years. WPM is defined as a process whereby the physical positions of all improved 
water points (WP) in a zone are collected including technical, management, and 
demographical information. This data was collected using global positioning system 
(GPS) and a survey located at any improved water point. The dataset was entered into a 
geographical information system and then linked with the available administrative, 
demographic, and physical data. Later using digital maps, the information was 
displayed [47].  
According to the Ministry of Water Tanzania, water point mapping is the process of 
tracing water infrastructure and gathering related data using any existing technology, the 
data that is collected later is available to different users [48]. The dataset is entered into 
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a geographic database and then linked with all available administrative, demographic, 
and physical data (Table 2). In contrast, the Water Point Mapping System is an 
integration of software, hardware, data, methodologies, processes, and users devoted to 
gathering, storing, processing and analyzing the water-related dataset and giving results 
for public use.  
The surveys were done using local company expertise in land surveying, geographic 
information systems (GIS), and database development. The personnel of the company 
communicated the district, which allocated one person for the execution of the water 
point survey. The mapping team presented itself to the ward, then the subdistrict 
managerial level, from whom he/she obtained direction to contact village executive 
officers, for the survey of all improved water points in the village. The method involved 
taking a digital image of all surveyed water points [47]. 
Table 2 Description of simple querying in the Water Point Mapping System. 
Querying Description 
Functional Reference to the functionality of a water point indicating that it yields water regularly and is used daily 
Non-Functional 
Reference to the functionality of a water point indicating that it does 
not yield water for any reason (hardware problem, dry source, or poor 
management) 
Sufficient 
A dimensionless quantity to which no physical dimension is 
applicable and where the amount of water satisfies human needs 
(based on user perspective) 
Insufficient 
A dimensionless quantity to which no physical dimension is 
applicable and where the amount of water does not satisfy human 
needs 
Dry Waterpoint characterised by an absence of water 
Good water quality 
A qualitative statement on the condition of water relative to the 
desires of human needs based on user perspective referred to as clear 
water which does not taste salty 
Poor water quality 
A qualitative statement on the condition of water relative to the 
desires of human needs based on user perspective referred to as salty, 
coloured, and/or fluoride water 
 
2.4 Results 
2.4.1 Annual and Seasonal Rainfall Trends Analysis 
For understanding and clarification of the detected trends, seasonal and annual data for 
each station were calculated. Additionally, these datasets were plotted against time and 
trend were studied by fitting the linear regression line. The linear trend values signified 
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by the slope of the simple least square regression providing the rate of increase/decrease 
in the variables. After that, the Mann–Kendall (MK) test was used to analyses the trend 
of statistical significance. Sen’s Slope Estimator was used to examine the extent of the 
trend in the time series and to verify the results of simple regression analysis. The 
results of the analysis are presented in the table and graph.  
2.4.1.1 The Trend of Annual and Seasonal Rainfall Data 
The annual and seasonal rainfall trends were examined for the three stations in the 
study. Figures 2 & 3 show the outcome of the regression model of the seasonal and 
annual rainfall of the Wami River Basin for the study period. The figure shows the 
results of the parametric method, which displays that there is an increasing trend in all 
three stations. It is visible that the annual and seasonal rainfall series followed an 





Figure 2 The 1983–2017 variation of annual total rainfall (in mm) recorded at Kongwa, 




Figure 3 Total seasonal rainfall (in mm) recorded at Kongwa, Dakawa, and Mandera 
stations (NDJFMA—November–December–January–February–March–April; MAM—
March–April–May; OND—October–November–December) 
2.4.1.2 Magnitude and Significance of Trend Analysis 1983–2017 
For the analyses of a trend in the time series dataset, Sen’s Slope Estimator and the 
Mann–Kendall (MK) test were used in this study. A trend analysis was performed for 
Kongwa, Dakawa, and Mandera stations for the period from 1983 to 2017 using annual 
and seasonal rainfall data. The results of the p-value and Sen’s Slope Estimator were 
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attained from analysing the rainfall dataset for annual and seasonal rainfall of Wami 
River Basin (Table 3). The results of the MK test carried out for the time-series data 
showed positive trends for both annual and seasonal rainfall time series at a 5% 
significance level. The annual rainfall showed a statistically significant positive trend (p 
< 0.05) for Kongwa, while the yearly rainfall showed a statistically insignificant 
positive trend (p > 0.05) at Dakawa and Mandera stations. The seasonal rainfall showed 
a statistically significant positive trend (p < 0.05) for Dakawa station, while an 
insignificant statistical positive trend was observed for the Kongwa and Mandera station 
rainfall dataset. 
Table 3 Result of trend analysis for annual and seasonal and rainfall of Wami River 
Basin (1983–2017). 




(mm/year) p-Value Trend 
Kongwa NDJFMA 0.993 3.97 0.080 Increasing Annual 0.568 5.3 0.028 Increasing 
Dakawa 
MAM 0.229 4.1 0.004 Increasing 
OND 0.019 0.758 0.468 Increasing 
Annual 0.038 5.2 0.080 Increasing 
Mandera 
MAM 0.494 1.662 0.495 Increasing 
OND 0.017 1.268 0.406 Increasing 
Annual 0.804 3.082 0.236 Increasing 
NDJFMA—November–December–January–February–March–April; MAM—March–April–May; 
OND—October–November–December. 
The Mann–Kendall (Z-statistics) results for an annual and seasonal dataset for 1983–
2017 are presented in Table 3. The negative and positive values of Z-statistics show 
increasing and decreasing trends, respectively. Only the annual rainfall at Kongwa and 
the MAM seasonal rainfall at Dakawa showed a significant positive trend, while the rest 
of the annual and seasonal rainfall showed an insignificant positive trend. In the 
seasonal rainfall series, the values of Z-statistics were 0.993 NDJFMA at Kongwa, 
0.229 MAM and 0.019 OND at Dakawa, and 0.494 MAM and 0.017 OND at Mandera. 
Annual rainfall at Mandera showed the highest positive value of 0.804 for the Z-
statistics, whereas, at Dakawa, the minimum positive value of 0.038 occurred.  
The magnitude of the rainfall trends was analyses using Sen’s Slope Estimator and is 
shown in Table 3. Seasonal and annual rainfall shows a rising rate. The maximum 
increase in the magnitude of rain was observed for annual rainfall with 5.3 mm per year 
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at Kongwa and Mandera showed the least increased annual rainfall, with 3.082 mm per 
year. Moreover, the maximum increase in the magnitude of seasonal rainfall was 
observed for seasonal rainfall NDJFMA with 5.3 mm per year for Kongwa, and at 
Mandera, the least increased seasonal rainfall is exhibited, with 0.758 mm per year.  
2.4.2 Dry and Wet Seasonal Variation and Use of Water Points 
Table 4 highlights the percentage of distribution of water access, source of income, and 
primary water uses during the dry and wet seasons. About 38% of the respondents said 
they have access to tap water, while 62% have no access to tap water, and they depend 
on water from vendors and rivers. Furthermore, during the wet season, 68% of the 
population have access to tap water, while 32% have no access, and they obtain water 
from rain harvesting. The respondents were asked if water access influences their source 
of income and the water use pattern across the season. The result (Table 4) shows that 
during the dry season, farmers (66%) and pastoralists (85%) are most affected. 
Moreover, all main water uses show significant changes during the dry season, with 
78%, 95%, and 98% for domestic use, livestock, and house gardening, respectively. 
During this period, most of the pastoralists with many cattle move from the village to 
other areas with enough water, while house gardening is not practised due to water 
scarcity. 
Table 4 Percentage of distribution of tap water access, source of income, and primary 
water use. 
Tap Water Access 
 Dry Season Responses (%) Wet Season Responses (%) Access No Access Access No Access 
Tap 38 62 68 32 
Vendor - 15 - 3 
River/Spring/Dam - 47 - - 
Rain harvest - - - 29 
Source of Income 
 Dry Season Responses (%) Wet Season Responses (%) Affected Not Affected Affected Not Affected 
Farming 66 34 0 100 
Business 27 73 7 93 
Employment 9 91 0 100 
Livestock 85 15 2 98 
Main Water Use 
 Dry Season Responses (%) Wet Season Responses (%) Affected Not Affected Affected Not Affected 
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Domestic 78 22 5 95 
Livestock 95 5 0 100 
House gardening 98 2 0 100 
 
2.4.2.1  Seasonal Variation of Water Point Status 
Waterpoint status was found to be substantially affected by seasonal changes (Figures 4 
- 7). The results show that 67% of the water points are not functioning during the dry 
season, while only 33% function. However, during the wet season, only 51% function, 
while 49% are not operating, with many water points changing from non-functional 
during the dry season to functional during the wet season (Table 5). Additionally, 18% 
of the water points change from being functional to non-functional and vice versa, 
seasonally.  
 
Figure 4 Spatial distribution of water points and their status during the dry season 
(August to September 2016) in the Wami River Basin. 
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Figure 5 Spatial distribution of water points and their status during the wet season 
(March to April 2017) in the Wami River Basin. 
         
Figure 6 Spatial distribution of water points and their status changing from the dry 





Figure 7 Spatial distribution of water points and their status not changing from the dry 
season (August to September 2016) to wet season (March to April 2017) the Wami 
River Basin 
 
Table 5 Waterpoint status (number and percentage) during the dry and wet seasons. 
Status 
 Dry Season Wet Season  Number Percentage (%) Number Percentage (%) 
Functional 1259 33 1946 51 
Non-functional 2556 67 1869 49 
 
2.4.2.2  Seasonal Variation of Water Quantity at Water Points 
The results show that sufficient water is available at the water points during the wet 
season (Figures 8 - 11), with a significant number of water points changing from 
providing an insufficient amount during the dry season to providing a sufficient amount 
during the wet season. Moreover, 67% of the population receive adequate water from 
water points, and 15% of the water points do not provide a sufficient amount, while 
18% are dry. There is a significant decrease in the quantity of water available during the 
dry season, whereby 43% of the water points provide adequate water, while 39% of the 
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water points provide an insufficient amount, and 18% are dry. Additionally, 24% of the 
water points change seasonally from providing a sufficient to an insufficient amount of 
water and vice versa (Table 6). 
 
Figure 8 Spatial distribution of water quantity received at the water points during the 





Figure 9 Spatial distribution of water quantity received at the water points during the wet 
season (March to April 2017) in the Wami River Basin. 
 
Figure 10 Spatial distribution of water quantity received at water points changing 
between the dry season (August to September 2016) and wet season (March to April 




Figure 11 Spatial distribution of water quantity received at water points 
unchanging between the dry season (August to September 2016) and wet season 
(March to April 2017) in the Wami River Basin. 
Table 6 Water quantity received at water points (number and percentage) during the 
dry and wet seasons. 
Quantity 
 
Dry Season Wet Season  
Number Percentage (%) Number 
Percentage 
(%) 
Sufficient 1640 43 2556 67 
Insufficient 1488 39 572 15 
Dry 687 18 687 18 
2.4.2.3 Seasonal Variation of Water Quality at Water Points 
The analysis reveals that rainfall has a stronger negative impact on water quality 
(Figures 12 - 15). The results show that 56% of water points reported poor quality and 
only 44% a good quality during the rainy season. The situation improves during the dry 
season, and only 32% of all water points report poor quality and 68% good quality, with 
a substantial number of water points changing from poor quality in the wet season to 
good quality in the dry season. Furthermore, 24% of water points change from good 




Figure 12 Spatial distribution of water quality at the water points during the dry season 
(August to September 2016) and wet season (March to April 2017). 
            
Figure 13 Spatial distribution of water quality at the water points during the wet season 




Figure 14 Spatial distribution of water quality at the water points changing between 
the dry season (August to September 2016) and wet season (March to April 2017) 
in the Wami River Basin. 
        
Figure 15 Spatial distribution of water quality at the water points unchanged between 
the dry season (August to September 2016) and wet season (March to April 2017) in the 
Wami River Basin. 
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Table 7 Water quality at the water points (number and percentage) during the dry and 
wet seasons. 
Quality 
 Dry Season Wet Season  Number Percentage (%) Number Percentage (%) 
Good 2594 68 1679 44 
Poor 1221 32 2136 56 
 
2.5 Discussion 
Measuring rural water service availability constraints is a challenge due to the complex 
variety of results associated. This discussion is focused on the questions: What are the 
current seasonal and annual rainfall variabilities in the study area? Moreover, how are 
the current seasonal and annual rainfall variabilities going to impact the water access 
and what are the foreseen outcomes of those impacts? Our study uses annual and 
seasonal rainfall for assessing rainfall effects on rural water supply services. Our 
findings described in this paper aim to provide a proper understanding of the magnitude 
of the seasonal and annual rainfall variability challenge related to rural water supply 
services. As indicated above, rural water supply services are significantly affected by 
annual and seasonal rainfall variability. Rainfall seasonality affects water access in 
terms of both quality and availability, as well as water point functionality. Several 
studies have discovered that in rural areas of developing countries, water supply 
services are hardly sufficient [49–51]. These are mainly a result of seasonal variation 
[23,52–54] and implies that an increase in demand for drinking water seasonally will 
potentially occur. Furthermore, the vulnerability to rainfall variability varies broadly 
[55,56]. Thus, it is not surprising that the influences of rainfall variability are 
experienced differently in different environments [57–59]. Some rural water supply 
services are facing pressures from population growth and constraints on their ability to 
secure further water sources; in many areas, rainfall variability is expected to worsen the 
circumstances [60,61]. Areas other than the studied one are served from abundant water 
sources and the impact of rainfall variability is more on water quality than on water 
amount [62]. 
By addressing queries like these, a greater understanding of the challenges connected 
with rainfall variability can be developed and more suitable strategies can be planned 
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[63]. These proofs alone support the importance of taking justification related 
circumstances to produce broad-scale adaptation approaches. They require not only an 
investigation of causes but also analytical skills, which may be beyond the knowledge 
of the experts [64–66]. These have severe implications for decision-making since 
infrastructural investments are difficult to reverse and might not be able to provide 
adequate or appropriate adjustment to the environment or situation [67,68].  
Any variations in rainfall amounts and variability will have a substantial impact on 
water supply services and hence affect livelihoods [69,70]. For the rural population to 
benefit from reliable and safe drinking water, thus improving wellbeing and reducing 
poverty, the water supply must meet several requirements [4]: The water should be of 
adequate amount to meet all domestic desires; consumption must not pose a health risk; 
and the supply should be consistent between seasons and over the years [4]. Rainfall 
varies over time and space, as does water availability, which determines the variation in 
sanitation and development of people all over the world [71]. However, rainfall 
variability is not the only consideration. The question is whether a water point is not 
functioning because of seasonal weather conditions or whether its functionality is 
affected by another factor [72–75]. Over time, service levels can vary in unpredictable 
ways [53].  
Water supply schemes in rural areas typically have less technical, financial, and 
managerial capacity [65]. Therefore, in schemes that will experience the effects of 
rainfall variability, broad-scale adaptation strategies are needed to address a threat 
[76,77]. However, for this purpose, further assessments are vital which can also analyze 
the potential influence of other climate variables (e.g., temperature), additional 
variables, such as population growth, the standard of water supply infrastructure, and 
management practices [23]. The presentation of the complexity of rural water supply 
services to multiple stakeholders, many of whom are primarily driven by local 
perspectives and experiences and have an inadequate understanding of science, 
represents a significant challenge for planning adaptation [78]. Once functional 
relationships from a scientific standpoint are understood, then approaches for managing 
rural water services can account for synergies and trade-offs among services, for 
example, when they include encouraging one service at the cost of another seasonally 
[67,68]. There are many factors, such as the water source, network distribution, and 
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management practice associated with functional water points, that support experts 
identify prospects to improve service delivery [73,79]. Therefore, consideration must be 
focused on capacity building in order to adapt to rainfall variability, thus demands a 
broad view of the structure and capacity needs to be developed including water services 
based on modeling future rainfall scenarios.  
2.6 Conclusions 
The present study intended to analyses the trends in annual and seasonal rainfall time 
series in the Wami River Basin to see if any significant changes in the patterns occurred 
for 35 years and how they affect the access to rural water supply services. The study 
showed that in the Wami River Basin, both annual and seasonal rainfall increased from 
1983 to 2017. It also revealed that there exists a strong relationship between rural water 
services and seasons in the study area. Any change in rainfall profoundly influences 
rural water services. The magnitude of changes in rural water service accessibility due 
to the season is significantly different, depending on several factors, including 
functionality, water quantity, and water quality. The results indicate the importance of 
detailed investigations of seasonal individualities to clarify the seasonal impacts of 
rainfall variability on rural water supply services. Furthermore, knowledge about the 
influence of seasonal rainfall variability can inform water engineers about the critical 
periods in rural water supply and the future potential of rural water services access.  
The results show a significant correlation between the source of income and the pattern 
of water use across the seasons. The analyses data show that Water Point Mapping can 
be used as an indicator of water-point improvement and the acquisition of reliable 
information on seasonal water access. They offer evidence about the actual access to 
water in difficult times and are relevant to areas which rely on vulnerable sources. 
Moreover, our approach based on detailed large-area field data can be used to identify 
seasonal variations in the spatial distribution of the water points regarding quality and 
quantity to a reasonable degree of accuracy. Hence, it presents an excellent possibility 
to provide relevant information about water points in response to seasonal variability. 
However, due to the lack of up-to-date information, it does not cover other essential 
access aspects concerning, e.g., seasonal variation of the water quality or the 
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3.1 Abstract 
Anthropogenic activities have substantially changed natural landscapes, especially in 
regions which are extremely affected by population growth and climate change such as 
East African countries. Understanding the patterns of land-use and land-cover (LULC) 
change is important for efficient environmental management, including effective water 
management practice. Using remote sensing techniques and geographic information 
systems (GIS), this study focused on changes in LULC patterns of the upstream and 
downstream Wami River Basin over 16 years. Multitemporal satellite imagery of the 
Landsat series was used to map LULC changes and was divided into three stages 
(2000–2006, 2006–2011, and 2011–2016). The results for the change-detection analysis 
and the change matrix table from 2000 to 2016 show the extent of LULC changes 
occurring in different LULC classes, while most of the grassland, bushland, and 
woodland were intensively changed to cultivated land both upstream and downstream. 
These changes indicate that the increase of cultivated land was the result of population 
growth, especially downstream, while the primary socioeconomic activity remains 
agriculture both upstream and downstream. In general, net gain and net loss were 
observed downstream, which indicate that it was more affected compared to upstream. 
Hence, proper management of the basin, including land use planning, is required to 
avoid resources-use conflict between upstream and downstream users. 





Land-use and land-cover (LULC) change has become a fundamental and essential 
component in current strategies for monitoring environmental changes and managing 
natural resources [1,2]. Increasing anthropogenic activities around the biosphere are 
causing large-scale alterations of the Earth’s land surface, which affect the effectiveness 
of global systems [3]. LULC and its resources have been used for the social, material, 
cultural, and spiritual needs of humans, while, in the process, humans have caused 
significant changes [4]. The rapid changes of LULC, particularly in developing 
countries [5,6], have resulted in the reduction of different vital resources including 
water, soil, and vegetation [7–9]. Furthermore, the actions leading to LULC changes 
have a local cause. However, because of their speed, extension, and intensity, they have 
numerous and critical global implications [10], particularly on natural resources. The 
increasing change is alarming and can significantly impact the local, regional, national, 
and worldwide environment [11,12]. 
Researchers, policymakers, and planners utilize LULC information to determine 
changes in natural resources, including evaluating growth patterns [13]. A better 
understanding of land dynamics requires the detection of LULC change [14]. Empirical 
studies by researchers from diverse disciplines proved that changes in LULC are key to 
various applications such as hydrology, agriculture, forest, environment, geology, and 
ecology [15,16]. Studies on LULC change detection have always attracted the attention 
of scientists [12,17,18]. Many researchers argue that LULC change could result in 
ecosystem imbalance and impacts on the environment caused by humans and their role 
in climate change [9,19–22]. Furthermore, their findings yield arguments that focus on 
interventions, which require evidence on the impacts and rates of LULC change and the 
distribution of these changes in time and space as a fundamental factor in present 
strategies for environmental monitoring of changes and managing natural resources 
[23]. 
Several studies have proven the effectiveness of space-borne imagery to monitor LULC 
changes [24–26], specifically in Africa. In 2010, El Gammal et al. [27] used numerous 
Landsat images of different periods (1972, 1982, 1987, 2000, 2003, and 2008) to 
analyze the changes of the shores of Lake Nasser, Egypt, and the river volume. In 2011, 
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Mahmoud et al. [28] tested a field-based approach for classifying land cover using 
TerraSAR-X imagery. Akinyemi [29] used Landsat images from different years (1987, 
2003, and 2016) to study LULC change in the central Albertine Rift in north-western 
Rwanda. Cheruto et al. [9] assessed LULC changes using Geographic Information 
Systems (GIS) and Remote Sensing (RS) techniques in Makueni County, Kenya. The 
LULC classification is perhaps among the most well-known applications of geospatial 
application [28,30]. 
RS and GIS have long been recognized as essential and powerful tools in determining 
LULC changes at different spatial scales [31]. Several change detection techniques and 
image analyses have been used to extract evidence from remotely sensed data [32,33]. 
GIS, on the other hand, integrate information derived from RS to develop a clear 
understanding of LULC modelling [34]. RS and GIS have proved to be very useful for 
the detection of LULC patterns [32,35–38]. Moreover, the combined use of satellite RS 
and GIS has proved to be a robust and cost-effective method for monitoring LULC 
changes [39–45]. With the development of RS and GIS techniques, LULC mapping has 
become a detailed and useful way to advance the choice of areas for different uses 
[1,14,46]. 
In developing countries, the resource bases, such as land, forest, and water, are 
declining significantly. However, information regarding the rate of reduction is often 
lacking [47]. Accurate LULC change information is necessary to understand the leading 
causes and the environmental costs of such changes. Moreover, analysing the driving 
forces causing LULC change is essential to understanding the current changes to 
forecast future alterations. A study of LULC changing aspects and its driving forces in 
space and time provided the basis for the sustainability of natural resource systems 
because it was used to reflect the state of the watershed. Regardless of the increasing 
concerns about the impacts of LULC change on global changes of the environment and 
sustainable development [48], research on LULC change in Tanzania is minimal. In the 
Wami River Basin, the magnitude and dynamics of these changes have not been broadly 
studied. Little is known about the spatiotemporal extents of LULC change, and no 
information has been evaluated over time to improve land use planning in the basin. 
Moreover, to understand the aspects of changes in the human environment across space 
and time, numerous studies are required [49]. To address this, the integrated approach of 
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RS and GIS data was used for monitoring the LULC change [50] in the Wami River 
Basin, both upstream and downstream. The outcome of this study is expected to be 
highly useful to planners, resource managers, and policymakers for sustainable use of 
resources in the basin. 
3.3 Materials and Methods 
3.3.1 Data Acquisitions and Preparation 
Landsat imagery was used to determine LULC change, while dates were selected based 
on data quality, data availability, and the dry season (Table 8). Four Landsat imageries 
were acquired for the years 2000, 2006/2007, 2011, and 2016 from the USGS Global 
Visualization Viewer (https://glovis.usgs.gov) using Path/Row 168/64, 168/65 for 
Kinyasungwe Sub-catchment, and 167/64 and 166/64 for Wami Sub-catchment (Table 
1). These data were used for the generation of LULC maps fed into on a GIS. The 
software packages, ERDAS Imagine 2011, Arc GIS 10.3, and QGIS 2.18 were 
employed at various stages of analysis. All the images have the same spatial resolution 
(30 m), but data were sensed by different sensors and satellites at different times of the 
year. Hence, each scene was radiometrically corrected by changing the raw digital 
numbers (DNs) into the Top of Atmosphere (TOA) reflectance values to correct for 
varying sun angles and changes in surface reflectance. After mosaicking the Landsat 
scenes by date, the resulting four images were clipped to the study area. 
Table 8 Detailed data on Landsat images used in the study. 
Year Satellite Sensor Path/Row Resolution (m) Acquisition Date Cloud Cover 
2000 
Landsat 5 TM 166/64 30 8 July 2000 17% (not in the study area) 
Landsat 7 ETM 167/64 30 7 July 2000 5% 
Landsat 7 ETM 167/65 30 7 July 2000 2% 
Landsat 7 ETM 168/64 30 16 September 2000 0% 
Landsat 7 ETM 168/65 30 16 September 2000 7% 
2006/2007 
Landsat 7 ETM 166/64 30 23 February 2006 5% 
Landsat 5 TM 167/64 30 24 January 2007 2% 
Landsat 5 TM 167/65 30 24 January 2007 5% 
Landsat 7 ETM 168/64 30 17 September 2006 0% 
Landsat 7 ETM 168/65 30 17 September 2006 3% 
2011 
Landsat 5 TM 166/64 30 7 July 2011 10% (not in the study area) 
Landsat 7 ETM 167/64 30 26 October 2011 4% 
Landsat 7 ETM 167/65 30 6 July 2011 1% 
Landsat 7 ETM 168/64 30 11 June 2011 11% (not in the study area) 
Landsat 7 ETM 168/65 30 5 July 2011 5% 
2016 
Landsat 8 OLI 166/64 30 4 July 2016 10% (not in the study area) 
Landsat 8 OLI 167/64 30 24 May 2016 6% 
Landsat 8 OLI 167/65 30 24 May 2016 4% 
Landsat 8 OLI 168/64 30 16 June 2016 0% 




3.3.2 Classification and Change Detection 
A hybrid classification technique was adopted to digitally categorize each Landsat 
image, since this technique has been shown to perform better in the case of spectral 
variability of individual cover types [53]. Several studies have suggested that hybrid 
classification produces superior results compared to unsupervised or supervised 
classification alone [54,55]. All the images were studied by assigning per-pixel 
signatures and differentiating the catchment into 10 classes by the specific DN of 
different landscape elements. The delineated classes were bushland, woodland, swamp, 
cultivated land, settlement area, grassland, water, forest, open land, and airfield (Table 
9). For each of the predetermined LULC types, training samples were selected by 
delimiting polygons around representative sites. A suitable spectral signature is the one 
that ensures that there is “minimal confusion” among the land covers to be mapped [56]. 
A total of 60 spectral signatures for the respective LULC types derived from the satellite 
imagery were recorded using the pixels enclosed by these polygons. 
Table 9 Land-use and land-cover (LULC) classification scheme. 
Class Descriptions 
Bushland Mainly comprised of plants that are multi-stemmed from a single root base. 
Woodland An assemblage of trees with canopy ranging from 20% to 80% but which may, or rare occasions, is closed entirely. 
Swamp The low-lying, uncultivated ground where water collects; a bog or marsh. 
Cultivated land Crop fields and fallow lands. 
Settlement area Residential, commercial, industry, transportation, roads, mixed urban. 
Grassland Mainly composed of grass. 
Forest The continuous stand of trees, many of which may attain a height of 50 m including natural forest, mangrove and plantation forest. 
Water River, open water, lakes, ponds and reservoirs. 
Open land The land area of exposed soil and barren area influenced by a human. 
Airfield Area of the plot set aside for the take-off, landing and maintenance of aircraft. 
 
Afterward, the maximum likelihood classification (MCL) algorithm was used for the 
supervised classification of the images. This is the type of image classification that is 
mainly controlled by the analyst by selecting the pixels that are representative of the 
identified classes [57]. The results of the available higher resolution images and the 
hybrid classification comparison results revealed some degree of misclassification. 
Post-classification refinement was used to improve classification accuracy for the 
simplicity and efficiency of the method [58], which resulted in a cross-tabulation 
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(transition) matrix. The LULC change-transition matrix was computed using the overlay 
procedure in ArcGIS to quantify the area converted from a particular LULC class to 
another LULC category during the study period. Later, visual interpretation was used to 
address the mixed pixels problem. Visual analysis reference data and local knowledge 
significantly enhanced the results obtained using the supervised algorithm. For the 
enhancement of classification accuracy and the quality of the LULC maps produced, the 
visual interpretation was critical. This approach was repeated for all incorrectly 
classified pixels, as determined from topographic maps and high-resolution satellite 
images. 
Accuracy assessment is essential for individual classification if the classification data is 
to be useful in change detection [59]. Normally, classification accuracy is carried out by 
comparison of two datasets: One based on reference information, referred to as “ground 
truth”, and the other being the result of the analysis of remotely sensed data [60]. For 
the accuracy assessment of LULC maps extracted from satellite images, the stratified 
random method for each of four LULC maps was used to represent the different LULC 
class of the study area. The accuracy was assessed using 60 pixels per category and was 
based on visual interpretation and ground truth data. A cross-tabulation was executed 
between the class values and the ground truth and presented the results as an error 
matrix. Moreover, the non-parametric Kappa test was performed to measure the extent 
of the classification accuracy to account for diagonal elements and elements in the 
confusion matrix [61]. 
3.4 Results 
3.4.1 Accuracy Assessment 
Overall, LULC classification levels for the four dates ranged from 91% to 97%, with 
Kappa indices of agreement ranging from 0.88 to 0.95. Accuracies per individual LULC 
class (i.e., user accuracy (UA) and producer accuracy (PA)) are shown in Tables 10 and 
11. These values of Kappa for the four classification results are satisfactory for the 
study area because they satisfy the minimum 85% accuracy, as stipulated by Anderson’s 
[62] classification scheme. These results provide a major platform for the subsequent 
analysis of LULC changes. 
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Table 10 Accuracy assessment of the LULC classification at Kinyasungwe Sub-
catchment. 
 2000 2006 2011 2016 
LULC PA UA PA UA PA UA PA UA 
Bushland 99.53 95.33 100 93.26 99.10 93.41 99.28 76.56 
Woodland 98.87 98.94 99.85 96.35 100 96.62 98.15 91.89 
Swamp 90.33 93.61 86.06 90.42 92.29 90.39 77.54 81.21 
Cultivated land 70.02 95.41 54.82 97.01 76.30 97.40 76.32 96.42 
Settlement area 77.87 100 84.62 100 90.39 100 50.45 100 
Grassland 97.61 98.54 100 95.63 98.71 95.96 98.31 78.65 
Water 70.15 95.67 91.17 98.56 41.72 100 32.95 95.01 
Forest 100 87.10 100 93.88 100 93.87 100 50.97 
Open land 100 100 100 100 100 100 100 100 
Overall 97.81 96.93 97.26 91.69 
Kappa 0.90 0.88 0.93 0.95 
 
Table 11 Accuracy assessment of the LULC classification at Wami Sub-catchment. 
 2000 2006 2011 2016 
LULC PA UA PA UA PA UA PA UA 
Bushland 100 80.25 100 84.71 100 80.65 100 72.87 
Woodland 93.89 92.61 97.50 96.93 86.95 93.80 85.84 89.74 
Swamp 95.49 90.21 99.37 95.26 97.16 89.91 96.13 8126 
Cultivated land 97.07 93.91 100 97.51 95.36 97.78 94.72 81.59 
Settlement area 100 77.87 100 87.60 100 64.68 100 60.73 
Grassland 74.42 85.81 79.78 100 63.24 99.65 71.44 97.49 
Water 70.01 100 68.22 100 34.92 100.22 11.82 100. 
Forest 100 100 100 100 100 100 100 100 
Open land 85.68 89.74 81.38 86.37 79.96 89.34 76.93 90.65 
Overall 97.33 97.67 94.92 91.25 
Kappa 0.88 0.89 0.79 0.76 
 
3.4.2 Upstream Sub-Catchment (Kinyasungwe) 
Tables 12 and 13, along with Figure 16, summarize the trend of LULC change from 
2000 to 2016 based on 10 classes extracted from Kinyasungwe Sub-catchment with a 
proportionate coverage area for each. Moreover, the spatial representation of LULC 
types from 2010 to 2016 is shown in Figure 17. Initially, when the study began in the 
year 2000, the pattern of LULC as the percentage of the total area studied was 
dominated by bushland, covering 33.67% of the total studied area, followed by 
woodland (30.2%), grassland (22.12%), cultivated land (8.4%), swamp (4.24%), forest 
(0.68%), settlement area (0.49%), water (0.18%), open land (0.01%), and airfield 
(0.01%). Furthermore, trend changes were observed for all LULC in years 2006, 2011, 
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and 2016, except for water, open land, and airfield. In 2016, when the study ended, the 
observed LULC pattern was dominated by woodland at 28.07% followed by bushland at 
25.77%, cultivated land at 22.45%, grassland at 17.69%, swamp at 4.5%, settlement 
area at 1.01%, and forest at 0.34% (Table 5). Furthermore, in Table 6, the pattern of 
LULC during the studied period (2000–2016) indicates the general decrease of natural 
areas, including bushland (7.9%), woodland (2.13%), forest (0.34%), and water 
(0.03%). The swamp area (0.26%) was the only natural area which increased in size. 
The land uses supporting the population growth and economic activities increased as 
indicated by settlements (0.52%) and cultivated land (14.05%). 
Table 12 Results of the LULC classification for 2000, 2006, 2011, and 2016 images 
showing the area of each category and category percentages (Kinyasungwe Sub-
catchment). 
Year 2000 2006 2011 2016 
LULC (Area) Area (km2) % Area (km2) % Area (km2) % Area (km2) % 
Bushland 5643.63 33.67 4940.49 29.47 4646.94 27.72 4320.24 25.77 
Woodland 5062.27 30.2 4934.55 29.44 4770.86 28.46 4705.63 28.07 
Swamp 710.45 4.24 796.38 4.75 775.95 4.63 754.23 4.50 
Cultivated land 1408.16 8.4 2621.27 15.64 3210.88 19.16 3763.79 22.45 
Settlement area 82.43 0.49 97.77 0.58 108.34 0.65 169.11 1.01 
Grassland 3708.05 22.12 3279.77 19.57 3168.52 18.9 2965.09 17.69 
Water 30.36 0.18 20.53 0.12 13.88 0.08 24.96 0.15 
Forest 114.58 0.68 69.18 0.41 64.58 0.39 56.89 0.34 
Open land 1.35 0.01 1.35 0.01 1.35 0.01 1.35 0.01 
Airfield 0.39 0.01 0.39 0.001 0.39 0.001 0.39 0.01 





Figure 16 LULC change graph for 2000, 2006, 2011, and 2016 at Kinyasungwe 
Sub-catchment 
Table 13 Results of the LULC classification for 2000, 2006, 2011, and 2016 images 
showing the area changed and percentage at Kinyasungwe Sub-catchment. 
Year 2000–2006 2006–2011 2011–2016 2000–2016 
LULC Change Area (km2) % Area (km2) % Area(km2) % Area (km2) % 
Bushland −703.14 −4.2 −293.55 −1.75 −326.7 −1.95 −1323.39 −7.9 
Woodland −127.72 −0.76 −163.69 −0.98 −65.23 −0.39 −356.64 −2.13 
Swamp +85.93 +0.51 −20.43 −0.12 −21.72 −0.13 43.78 0.26 
Cultivated land +1213.11 +7.24 +589.61 +3.52 +552.91 +3.29 2355.63 14.05 
Settlement area +15.34 +0.09 +10.57 +0.07 +60.77 +0.36 86.68 0.52 
Grassland −428.28 −2.55 −111.25 +0.67 −203.43 −1.21 −742.96 −4.43 
Water −9.83 −0.06 −6.65 −0.04 +11.08 +0.07 −5.4 −0.03 






































Table 14 indicates the areas changed with their corresponding percentages based on the 
change matrix cross-tabulation from 2000 to 2016. In the table, the LULC class is 
compared to another in terms of total area LULC class. During the study duration, no 
changes of settlement area were observed, as 100% remained intact, followed by 
cultivated land at 96%, woodland at 91%, swamp at 81%, grassland at 78%, bushland at 
76%, forest at 50%, and water at 32%. Therefore, the highest conversion was 
experienced in the water area, as almost 65% of the total area was converted to swamp 
and the rest was converted to cultivated land (2%) and woodland (1%). Most of the 
forest was converted to woodland (42%) and grassland (5%). Although the cultivated 
land did not change much, almost 23% was gained from bushland (1298.03 km2) 
followed by grassland (667.45 km2), woodland (404.98km2), swamp (42.63), forest 
(1.15km2), and water (0.60km2). Between 2000 and 2016, swamp and forest were 
mainly converted to grassland, while water and grassland were converted to swamp, 
respectively. Relatively greater modifications took place from forest and swamp to 
woodland. 
Table 14 Transition matrix showing LULC change in Kinyasungwe Sub-catchment 
between 2000–2016. 
LULC Unit BL WL SWP CL SA GL WT FR 
BL (km
2) 4289.16 0 56.43 1298.03 0 0 0 0 
% 76 0 1 23 0 0 0 0 
WL (km
2) 0 4606.67 50.63 404.98 0 0 0 0 
% 0 91 1 8 0 0 0 0 
SWP (km
2) 7.10 28.42 575.46 42.63 0 49.73 7.10 0 
% 1 4 81 6 0 7 1 0 
CL (km
2) 14.08 0 14.08 1351.83 28.16 0 0 0 
% 1 0 1 96 2 0 0 0 
SA (km
2) 0 0 0 0 82.43 0 0 0 
% 0 0 0 0 100 0 0 0 
GL (km
2) 0 0 74.16 667.45 37.08 2892.28 0 0 
% 0 0 2 18 1 78 0 0 
WT (km
2) 0 0.30 19.73 0.60 0 0 9.72 0 
% 0 1 65 2 0 0 32 0 
FR (km
2) 2.29 48.12 0 1.15 0 5.73 0 57.29 
% 2 42 0 1 0 5 0 50 
BL—Bushland, WL—Woodland, SP—Swamp, CL—Cultivated land, SA—Settlement area, GL—
Grassland, WT—Water, FR—Forest. Note: The numbers on the diagonal represent unchanged 
LULC proportions from 2000 to 2016 and their corresponding percentages, while the others are the 
areas changed from one class to another. 
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3.4.3 Downstream Sub-Catchment (Wami) 
Tables 15 and 16, together with Figure 18, summarize the trend of LULC change from 
2000 to 2016 based on nine classes extracted from Wami Sub-catchment with a 
proportionate coverage area for each. The spatial representation of LULC types from 
2010 to 2016 is shown in Figure 21. Initially, when the study began in the year 2000, 
the pattern of LULC as a percentage of the total area studied was dominated by 
woodland (61.86%), followed by bushland (16.21%), cultivated land (8.17%), forest 
(7.21%), grassland (4.31%), swamp (1.99%), water (0.16%), settlement area (0.05%), 
and open land (0.01%). The trend changes were observed for all land uses in the years 
2006, 2011, and 2016, except for woodland, swamp, grassland, forest, and open land. In 
2016, when the study ended, the observed LULC pattern as a percentage of the total 
area studied was dominated by woodland (52.10%), followed by cultivated land 
(25.36%), bushland (11.69%), forest (4.36%), grassland (3.69%), swamp (2.09%), 
settlement area (0.48%), water (0.18%), and open land (0.01%) (Table 8). During the 
study period (2000–2016), woodland decreased from 61.86% to 52.10%, bushland from 
16.21% to 11.69%, grassland from 4.31% to 3.69%, and forest from 7.21% to 4.36%. 
However, these alteration changes did not occur equally for all land uses. The cultivated 
land experienced a significant increase from 8.17% to 25.36%, as well as in settlements 
from 0.05% to 0.48%, swamp from 1.99% to 2.09%, and water from 0.16% to 0.18% 
(Table 15). The results reveal that the highest net gain was in cultivated land (17.19%), 
followed by settlement area (0.43%), swamp (0.1%), and water (0.02%), while net loss 
was in woodland (9.76%), bushland (4.52%), forest (2.85%), and grassland (0.62%) 
(Table 16). 
Table 15 Results of the LULC classification for 2000, 2006, 2011, and 2016 images 
showing the area of each category and category percentages (Wami Sub-catchment). 
Year 2000 2006 2011 2016 
LULC Area (km2) % Area (km2) % Area (km2) % Area (km2) % 
Bushland 2336.81 16.21 1970.88 13.67 1870.67 12.98 1685.75 11.69 
Woodland 8917.01 61.86 8621.68 59.81 8208.92 56.94 7511.02 52.10 
Swamp 287.36 1.99 285.53 1.98 310.24 2.15 301.23 2.09 
Cultivated land 1178.31 8.17 1989.03 13.8 2679.33 18.59 3655.96 25.36 
Settlement area 7.71 0.05 11.28 0.08 22.73 0.16 68.86 0.48 
Grassland 621.12 4.31 604.55 4.19 632.79 4.39 532.34 3.69 
Water 22 0.16 23.34 0.17 24.74 0.17 26.05 0.18 
Forest 1038.78 7.21 902.8 6.26 660.14 4.58 627.88 4.36 
Open land 6.32 0.04 6.32 0.04 6.32 0.04 6.32 0.01 





Figure 18 LULC change graph for 2000, 2006, 2011, and 2016 at Wami Sub-
catchment. 
Table 16 Results of the LULC classification for 2000, 2006, 2011, and 2016 images 
showing the area changed and percentage at Wami Sub-catchment. 
Year 2000–2006 2006–2011 2011–2016 2000–2016 
LULC Change Area (km2) % Area (km2) % Area (km2) % Area (km2) % 
Bushland −365.93 −2.54 −100 −0.69 −184.92 −1.29 −651.06 −4.52 
Woodland −295.33 −2.05 −412.76 −2.87 −697.90 −4.84 −1405.99 −9.76 
Swamp −1.83 −0.01 +24.71 +0.17 −9.01 −0.06 +13.87 +0.1 
Cultivated land +810.72 +5.63 +690.30 +4.79 +977.09 +6.77 +2477.65 +17.19 
Settlement area +3.57 +0.03 +11.45 +0.08 +46.13 +0.33 +61.15 +0.43 
Grassland −16.57 −0.12 +28.24 +0.20 −100.45 −0.70 −88.78 −0.62 
Water +1.34 +0.01 +1.40 +0.01 +1.31 +0.01 +4.05 +0.02 








































Table 17 shows the cross-tabulation change matrix for the changed areas and their 
corresponding percentages from one LULC class to another in comparison with the total 
area of each LULC class from 2000 to 2016. During the study period, 100% of 
settlement area remained unchanged, followed by cultivated land (97%), water (90%), 
swamp (89%), woodland (82%), grassland (81%), bushland (72%), and forest (60%). 
This indicates that forest experienced the highest conversion, with almost 26% of its 
total area converted to woodland and the rest to cultivated land (11%) and grassland 
(3%). The majority of bushland was converted to cultivated land (27%) and swamp 
(1%), while most of the grassland was converted to cultivated land (18%) and swamp 
(1%). Although the cultivated land did not change much, the largest share was gained 
from woodland 1605.06km2) followed by bushland (630.94km2), forest (114.27km2), 
grassland (111.80km2), and swamp (28.74km2). Between 2000 and 2016, cultivated 
land was converted to swamp, while water was converted to swamp and bushland 
respectively. 
Table 17 Transition matrix showing LULC change in Wami Sub-catchment between 
2000–2016. 
LULC Unit BL WL SWP CL SA GL WT FR 
BL (km
2) 1682.50 0 0 630.94 23.37 0 0 0 
% 72 0 0 27 1 0 0 0 
WL (km
2) 0 7311.95 0 1605.06 0 0 0 0 
% 0 82 0 18 0 0 0 0 
SWP (km
2) 0 2.87 255.75 28.74 0 0 0 0 
% 0 1 89 10 0 0 0 0 
CL (km
2) 0 0 0 1142.96 35.35 0 0 0 
% 0 0 0 97 3 0 0 0 
SA (km
2) 0 0 0 0 7.71 0 0 0 
% 0 0 0 0 100 0 0 0 
GL (km
2) 0 0 6.21 111.80 0 503.11 0 0 
% 0 0 1 18 0 81 0 0 
WT (km
2) 0.44 0.44 1.32 0 0 0 19.8 0 
% 2 2 6 0 0 0 90 0 
FR (km
2) 0 270.08 0 114.27 0 31.16 0 623.27 
% 0 26 0 11 0 3 0 60 
BL–Bushland, WL–Woodland, SWP–Swamp, CL–Cultivated land, SA–Settlement area, GL–
Grassland, WT–Water, FR–Forest. Note: The numbers on the diagonal represent unchanged LULC 
proportions from 2000 to 2016 and their corresponding percentages, while others are the areas 
changed from one class to another. 
3.5 Discussion 
The LULC changes in both sub-catchments have already been presented. The results for 
the study duration (2000–2016) on different classes of LULC indicate that most of the 
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grassland, bushland, and woodland was intensively converted to cultivated land both 
upstream and downstream. The land use changes showed a marked impact of increase in 
population in the study area. The farmlands and grasslands were converted to 
settlements in Kinyasungwe Sub-catchment (upstream), while in Wami Sub-catchment 
(downstream), an increase in settlements resulted from conversion of the bushland and 
cultivated lands. The land use pattern observed agrees with other catchment areas in 
Tanzania, such as in Malagarasi, in which it was found that settlement and cultivation 
expansion were imminent [63]. 
The increasing trend of LULC change in the sub-catchments highlights the universal 
influence of economic forces in motivating principals for the anthropogenic alteration of 
land [64–66]. However, there is a variation in the pattern of LULC change of the 
different land use types. Furthermore, according to the findings, the decrease in 
bushland, woodland, swamp, and grassland was the consequence of the extension of 
cultivated land. This change of other LULC into cultivated land was supported by the 
change matrix tables, which show that from 2000 to 2016, 23% of bushland, 8% of 
woodland, 6% of the swamp, 18% of grassland, 2% of water, and 1% of the forest was 
converted into cultivated land upstream. However, the change matrix table for 
downstream shows that from 2000 to 2016, 27% of bushland, 18% of woodland, 9% of 
the swamp, 18% of grassland, and 11% of the forest converted into cultivated land, 
which implies there is a high demand of food production in the area. With the 
population growth experienced in 16 years, land demand for agriculture and settlement 
has increased. Therefore, the pressure on land resulted in the land use pattern observed 
[9]. The pressure and conversion of the natural areas has also been observed, especially 
woodland, bushland, and grassland upstream and natural forest downstream. 
According to The International Union for Conservation of Nature (IUCN), Tanvir et al., 
and Butt et al. [64–66], the primary accelerator of forest decline in the catchment area is 
human activities. Findings from Wasige et al. [67] further corroborate these results, 
noting that the forest clearing occurring every year is mainly due to agriculture. A 
change in water area was also witnessed, decreasing both upstream by 68% and 
downstream by 10%. The increased change of water bodies into swamp areas implies 
water shortage upstream. In general, the upstream was more affected by the reduction of 
land cover compared to downstream due to a significant increase in cultivated land to 
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meet the high demand of food due to population increase, especially in Dar es Salaam 
City, resulting in a high demand of land for food production to fulfil necessities of life 
[68]. However, uncontrolled LULC change in the upstream sub-catchment can result in 
a reduction of the natural resources in the downstream sub-catchment, including water 
availability [68–70]. These downstream environmental degradations due to upstream 
influence are a significant cause of upstream–downstream conflicts [69]. 
3.6 Conclusions 
A low-cost change analysis based on remote sensing imagery from different sensors 
made it possible to quantify and map the changing pattern in LULC in the Wami River 
Basin with emphasis on upstream and downstream changes. With a time-series of maps, 
change analysis can reveal the overall development of land distribution, including the 
detection of sites of different types of changes. Analysing and mapping the trends of 
LULC changes within the Kinyasungwe and Wami Sub-catchments provides a basis for 
strategic planning, managing, and protection decision-making. However, the use of very 
high-resolution multispectral satellite imagery may offer more details of changes in the 
area. Based on the LULC analyses of Landsat data for the years 2000, 2006, 2011, and 
2016, it was found that the LULC change trends varied significantly during the periods 
mentioned above. The results showed that in the period 2000–2016, most LULC were 
converted to cultivated land upstream (bushland 23%, grassland 18%, woodland 8%, 
swamp 6%, water 2%, and forest 1%) and downstream (bushland 27%, grassland 18% 
woodland 18%, forest 11%, and swamp 10%). This indicates that the expansion of 
cultivated land was the result of population growth, especially downstream, while the 
primary socioeconomic activity remains agriculture both upstream and downstream. In 
general, net gain and net loss were observed downstream, which indicates that it was 
more affected compared to upstream. Hence, proper management of the basin, including 
land-use planning, is required to avoid resource-use conflicts between upstream and 
downstream users. 
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4.1 Abstract 
Land-use/land-cover changes are considered the dominant form of anthropogenic 
pressure on the environment, causing changes in ecosystem service patterns and 
affecting water supply services. Using the spatial econometric technique, we analysed 
the impact of land-use/land-cover change on water ecosystem services for domestic use 
upstream and downstream of the Wami River Basin. The results in terms of land-
use/land-cover classes during the study period (2011–2016) indicate that cultivated land 
showed maximum positive changes in both sub-catchments, while bushland and 
woodland showed maximum negative changes upstream and downstream. The results 
showed that bushland, woodland, cultivated land, and grassland were significantly 
correlated with water point characteristics in both sub-catchments. For functionality 
characteristics, a significant effect was observed in bushland and grassland upstream 
and downstream, respectively, while sufficient water was found in woodland upstream 
and grassland downstream. Moreover, bushland was observed to have a significant 
number of water points with poor quality of water upstream, and a substantial number 
of water points with good quality of water were found in grassland downstream. We 
found that all measured land-use/land-cover changes and water point characteristic 
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correlations were statistically significant; therefore, we concluded that land-use/land-
cover change affects the water ecosystem in the basin. These results could facilitate 
decision-making and development of related policies and might support finding 
sustainable strategies for water ecosystem services for domestic use. 
Keywords: ecosystem services; functionality; land-use/land-cover; spatial econometric; 
water quality; water quantity 
4.2 Introduction 
In recent years, substantial changes in land-use/land-cover (LU/LC) have taken place 
due to human activities [1,2]. LU/LC change linked to human factors, such as 
agricultural loss, overexploitation of forests, and urbanisation, has caused natural 
resource shortages, including widespread and permanent losses of biodiversity across 
the sphere [3,4]. Population growth continues to modify the landscape and natural lands 
through socio-ecological and socio-economic phenomena at extremely high rates, 
causing effects of LU/LC on ecosystem services [5–7]. However, despite the increasing 
awareness that human well-being strongly depends on natural ecosystems [8], many 
environments continue to face unprecedented stress that might result in their conversion 
and degradation, thus affecting the provisioning of ecosystem services for both present 
and future generations [9]. Since the late 90s, ecosystem services have become a central 
issue for researchers and decision-makers, especially after the Millennium Ecosystem 
Assessment report [10] addressed the gap between natural protection and human 
welfare [11]. Although consequences of LU/LC changes have been studied at a global 
level, these studies have not captured critical LU/LC changes occurring at the basin 
scale [12,13] including Wami River Basin.  
The Wami River Basin is a significant area, due to its different benefits to a diverse 
range of shareholders [14], while LU/LC changes could be severe for the Wami river 
system, given its primary role in providing water, food and livelihoods [15]. This 
change could cause several variations in services and roles, consequently causing 
degradation in provisioning ecosystem services from the natural resources of the Wami 
River Basin [16]. As the population increases and consumption patterns vary, additional 
land will be needed for agricultural production and living space [17]. The challenge 
facing society as a whole is deciding in what way to meet individuals’ growing 
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demands for food, living space, fuel, and other supplies, while sustaining ecosystem 
services in LU/LC variations [18–20]. Approximately 15 types of universal ecosystem 
services are declining, including water purification, erosion regulation and natural 
hazard regulation, and this trend could increase in the future [10]. Ecosystem services 
benefit individuals, indirectly or directly, by providing goods, well-being, and growth of 
economic activities [10,21,22]. The provision of water for domestic use has been an 
ecosystem service that can be directly associated with increasing population, in that the 
water supply has been steadily decreasing [23].  
Since the mid-20th century, human activities have altered ecosystems in substantial 
ways [10], and water stress has increased due to water pollution, withdrawal, and 
contamination [24–26]. LU/LC changes are regarded as the dominant form of 
anthropogenic stress on the environment [27], causing changes in ecosystem service 
patterns affecting the water supply [10,28,29]. Sustainable land management plans 
could ensure the constant provision of ecosystem services. Studies have showed that the 
effects of LU/LC on ecosystem services differ temporally and spatially [22,30–33]. 
Water supply services are susceptible since they are exposed to severe natural stresses 
related to interactions among biophysical factors, which considerably increase their 
heterogeneity from a temporal and spatial perspective [34,35]. Several relatively static 
influences (soil, topography, and geology) and dynamic influences (land use, land 
management, and climate) interact to control water access and how it will be distributed 
to competing users [23]. The presence of human activities’ pressure makes these 
services more vulnerable, leading to extreme variation in the frequency of accessibility 
[36]. Water yield is challenging to value and measure, but there is a need to account for 
the changing availability of water from the basin across various spatial scales and 
throughout long-time perspectives, to guarantee sustainable usage [23,37–39].  
Water ecosystem services for drinking are intensely affected by the amount and quality 
of water delivered to the basin, and how it is divided between the processes of surface 
water runoff, evaporation, groundwater recharge, and transpiration [40]. Therefore, 
understanding the consequences of LU/LC on the water ecosystem services for drinking 
is vital for understanding the significance of decisions and policies, and might support 
the development of appropriate plans [38]. Further, land use management and plan 
assessment requires in-depth information about the different effects on ecosystem 
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services [41,42]. Therefore, this study uses the spatial econometrics approach to analyse 
the impact of LU/LC change on water ecosystem services for domestic use in the Wami 
River Basin, in order to provide relevant policy recommendations related to water 
supply services. 
4.3 Material and Methods 
4.3.1 Spatial Regression Analysis 
In this study, the spatial regression method was used to examine the impact of LU/LC 
change on the water supply service accessibility at Kinyasungwe sub-catchment 
(upstream) and Wami sub-catchment (downstream). LU/LC change results were 
adopted from Twisa and Buchroithner [2] (Table 18). The water points data were 
extracted from the Water Point Mapping System (WPMS), which is managed by the 
Ministry of Water, Tanzania, on August 2016, and only water points from surface water 
sources were considered and information regarding three water point typologies 
(functionality, water quantity, and water quality) selected, including population data 
(Table 19). The software packages Quantum Geographic Information System (QGIS 
2.18) and GeoDa were employed at different stages of analysis. 
Ordinary least squares (OLS) regression was used to examine the correlation between 
water points and LU/LC types surrounding the water points. However, the OLS 
regression model output can be biased if heterogeneity and autocorrelation effects are 
present [46]. Statistical tests, including the Breusch–Pagan (BP) test and Moran I test, 
were executed to detect the heterogeneity and autocorrelation effects of the spatial data. 
Based on the test results, the decision was made as to whether it was necessary to run 
the spatial lag and the spatial error regression models. The test results were statistically 
significant, indicating spatial autocorrelation in residues. Therefore, there was a need to 
run the spatial error and spatial lag regression models. 
In this analysis, the water point data, including population information, were integrated 
with a LU/LC map, followed by spatial correlation analysis. The water point shapefile 
obtained was overlaid with the 2011 and 2016 LU/LC cover maps. The 400m 
(according to Ministry of Water, Tanzania) buffers were generated using the buffer(s) 
options, followed by intersection analysis between LU/LC, water points, population and 
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the 400m buffer zone using the intersection option. This process integrated the water 
points and LU/LC in a single shapefile, and later imported it for spatial regression 
analysis between the populations served by the water points and LU/LC. 
Table 18 LU/LC classification scheme 
Class Descriptions 
Bushland Mainly comprised of plants that are multi-stemmed from a single root base. 
Woodland An assemblage of trees with canopy ranging from 20% to 80% but which may, on rare occasions, be closed entirely. 
Swamp The low-lying, uncultivated ground where water collects; a bog or marsh. 
Cultivated land Crop fields and fallow lands. 
Settlement area Residential, commercial, industry, transportation, roads, mixed urban. 
Grassland Mainly composed of grass. 
Forest The continuous stand of trees, many of which may attain a height of 50 m including natural forest, mangrove and plantation forest. 
Water River, open water, lakes, ponds and reservoirs. 
Open land The land area of exposed soil and barren area influenced by a human. 
Airfield Area of the plot set aside for the take-off, landing and maintenance of aircraft. 
 
Table 19 Description of typologies in the water point mapping system 
Querying Description 
Functional Reference to the functionality of a water point indicating that it yields water regularly and is used daily 
Non-Functional 
Reference to the functionality of a water point indicating that it does 
not yield water for any reason (hardware problem, dry source, or poor 
management) 
Sufficient 
A dimensionless quantity to which no physical dimension is applicable 
and where the amount of water satisfies human needs (based on user 
perspective) 
Insufficient A dimensionless quantity to which no physical dimension is applicable and where the amount of water does not satisfy human needs 
Dry Waterpoint characterized by an absence of water 
Good water quality 
A qualitative statement on the condition of water relative to the desires 
of human needs based on user perspective referred to as clear water 
which does not taste salty 
Poor water quality 
A qualitative statement on the condition of water relative to the desires 
of human needs based on user perspective referred to as salty, colored, 





4.4.1 Accuracy Assessment 
Accuracy assessment classifications were undertaken for both sub-catchments, and the 
producer accuracy (PA), user accuracy (UA), overall accuracy (OA), and the Kappa 
coefficients (KC) for 2011 and 2016 are displayed in Table 20. The overall accuracy 
ranged from 91% to 98%, with Kappa indices ranging from 0.76 to 0.95. According to 
Mango [47], this overall accuracy is acceptable; therefore, this suggests that the LU/LC 
category accuracy is within the satisfactory threshold. These results provide a 
significant verification for the subsequent analysis of LU/LC changes. 
Table 20 LU/LC classification accuracy at the Kinyasungwe sub-catchment and Wami 
sub-catchment [2]. 
 Kinyasungwe sub-catchment Wami sub-catchment 
 2011 2016 2011 2016 
LULC PA PA UA PA PA PA UA PA 
Bushland 99.53 99.10 93.41 99.28 100 100 80.65 100 
Woodland 98.87 100 96.62 98.15 93.89 86.95 93.80 85.84 
Swamp 90.33 92.29 90.39 77.54 95.49 97.16 89.91 96.13 
Cultivated land 70.02 76.30 97.40 76.32 97.07 95.36 97.78 94.72 
Settlement area 77.87 90.39 100 50.45 100 100 64.68 100 
Grassland 97.61 98.71 95.96 98.31 74.42 63.24 99.65 71.44 
Water 70.15 41.72 100 32.95 70.01 34.92 100.22 11.82 
Forest 100 100 93.87 100 100 100 100 100 
Open land 100 100 100 100 85.68 79.96 89.34 76.93 
Overall 97.26 91.69 94.92 91.25 
Kappa 0.93 0.95 0.79 0.76 
 
4.4.2 Kinyasungwe Sub-Catchment 
4.4.2.1 LU/LC Change Analysis 
LU/LC classes for the Kinyasungwe sub-catchment from 2011–2016 were analysed 
from Landsat images, and the results are presented in Table 21 and Figure 20. Ten 
major LU/LC classes were identified: bushland, swamp, woodland, cultivated land, 
water, settlement area, forest, grassland, airfield, and open land. As revealed in Table 
21, woodland, bushland, and cultivated land were discovered to be the dominant LU/LC 
categories in 2011 and 2016. Cultivated land showed the maximum positive changes, 
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covering areas of 3210.88 km2 (19.16%) in 2011 and 3763.79 km2 (22.45%) in 2016, 
while forest showed minimal negative changes, covering an area of 64.58 km2 (0.39%) 
in 2011 and 56.89 km2 (0.34%) in 2016. Bushland and grassland were observed to 
decrease during the study period from 4646.94 km2 (27.72%) and 3168.52 km2 (18.9) in 
2011 to 4320.24 km2 (25.77%) and 2965.09 km2 (17.69%) in 2016, respectively. 
Further, the woodland category covered an area of 4770.86 km2 (28.46%) and 4705.63 
km2 (28.07) in 2011 and 2016, respectively, showing a decrease in coverage. Swamp 
was found to cover an area of 775.95 km2 (4.63%) in 2011 and decrease to 754.23 km2 
(4.50%) in 2016. Settlement area and water were found to cover corresponding areas of 
108.34 km2 (0.65%) and 13.88 km2 (0.0.08%) in 2011, which increased to 169.11 km2 
(1.01%) and 24.96 km2 (0.15%) in 2016. 
Table 21 Results of the LU/LC classification for 2011 and 2016 at the Kinyasungwe 
sub-catchment. 
Year 2011 2016 2011-2016 
LULC (Area) Area (km2) % Area (km2) % Area(km2) % 
Bushland 4646.94 27.72 4320.24 25.77 −326.7 −1.95 
Woodland 4770.86 28.46 4705.63 28.07 −65.23 −0.39 
Swamp 775.95 4.63 754.23 4.50 −21.72 −0.13 
Cultivated land 3210.88 19.16 3763.79 22.45 +552.91 +3.29 
Settlement area 108.34 0.65 169.11 1.01 +60.77 +0.36 
Grassland 3168.52 18.9 2965.09 17.69 −203.43 −1.21 
Water 13.88 0.08 24.96 0.15 +11.08 +0.07 
Forest 64.58 0.39 56.89 0.34 −7.69 −0.05 
Open land 1.35 0.01 1.35 0.01 0 0 
Airfield 0.39 0.01 0.39 0.01 0 0 





Figure 20 LU/LC change graph for 2011 and 2016 at the Kinyasungwe sub-catchment. 
 
Significant increases in cultivated land were observed during the study period (2011–
2016), as shown in Figure 21. Cultivated land showed the highest increases in area 
coverage in the 2011–2016 change period, of about 552.91 km2 (3.29%). Additionally, 
growth in settlement area was observed, at about 60.77 km2 (0.36%) in the 2011–2016 
change period. A small increase in water (11.08 km2/0.07%) was observed in the study 
period. On the other hand, many other LU/LC categories revealed a decreasing trend. 
Bushland and grassland significantly decreased by 326.7 km2 (1.95%) and 203.43 km2 
(1.21%), respectively. Swamp and forest showed a slight decrease during the study 
period of 21.72 km2 (0.13%) and 7.69 km2 (0.05%), respectively. Woodland decreased 





























Figure 21 LU/LC changes in 2011–2016 at the Kinyasungwe sub-catchment. 
4.4.2.2 Spatial Regression Analysis 
Statistical tests, including the Breusch–Pagan (BP) test and Moran I test, were 
performed to identify the spatial autocorrelation effect and the heterogeneity of the 
spatial data at the Kinyasungwe sub-catchment. The test results were statistically 
significant, indicating spatial autocorrelation in residues, and hence a need to run the 
spatial lag and the spatial error regression models (Table 22). 
Table 22. Diagnostics for heteroscedasticity and the spatial dependence weight matrix 
test for the Kinyasungwe sub-catchment. 
Test  Kinyasungwe sub-catchmnet MI/DF Value Probability 
Breusch-Pagan test 6 52.1092 0.0042 
Moran's I (error) 0.1261 3.4609 0.0540 
 
For the estimates of the spatial lag model at the Kinyasungwe sub-catchment, the 
number of populations served by each water point was the dependent variable, and the 
six LU/LC types surrounding the water points were the independent variables. At the 






























mean value of approximately 219 and standard deviation of 491.841, while the adjusted 
R-Squared value was 0.8599, which indicated that these variables explained the model. 
Table 23 shows the result of multiple linear regression using Ordinary Least Square 
(OLS) at the Kinyasungwe sub-catchment. The p-value is less than 0.05 in the OLS test 
for bushland, cultivated land, and grassland, which proves that the model is significant. 
Woodland, swamp, and settlement have a p-value of more than 0.05, which means they 
are not significant predictors for the model.  
 
Table 23. The estimates of the spatial lag model for the Kinyasungwe sub-catchment. 
Variable Coefficient Std. Error t-Statistic p-value 
Constant 281.777 60.895 4.627 0.0001 
Bushland –0.0097 0.0047 –2.062 0.0396 
Woodland –0.0019 0.0022 –0.8839 0.3771 
Swamp –0.0041 0.0023 –1.7744 0.0764 
Cultivated land 0.0035 0.0028 1.2619 0.0207 
Settlement area –0.0015 0.0069 –0.2226 0.8240 
Grassland –0.0080 0.0039 –2.0655 0.0392 
 
4.4.2.3 Impacts of Individual LU/LC Changes on Water Points Characteristics 
The result of the performance of water point characteristics on individual LU/LCs is 
presented in Table 24 and Figure 22, while the spatial index analysis is shown in Figure 
23. The spatial index is defined as follows: 1 - 50 people (1 - highest coverage), 51 - 
150 people (2 - high coverage), 151 - 250 (3 - average coverage), 251 - 500 (4 - below 
coverage) and above 501 (5 - lowest coverage). The results showed that bushland, 
woodland, cultivated land, and grassland were significantly correlated with water point 
characteristics. For functionality characteristics, a significant effect was observed in 
bushland, whereby 58.62% of the water points were found to be in the not-function 
category, followed by cultivated land (57.22%) and grassland (50.12%). However, 
fewer non-functionality water points were observed for woodland (16.67%), and this 
implies that 83.33% of the water points found were functional. For water point quantity, 
sufficient water was found in the points for woodland, with 76.67% of all water points 
have enough water. However, the rest of the LULCs were found to have many water 
points with insufficient water, including grassland (76%, or 54%), cultivated land 
(63.92%), and bushland (62.07%). Furthermore, the results showed that bushland had a 
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significant amount of water points of poor quality (58.62%), followed by cultivated land 
(46.52%) and grassland (37.04%), while woodland has fewer water points of poor 
quality (13.33%). 
 
Table 24. Percentage of LU/LC change impacts based on water point characteristics. 
Characteristics **BL **WL SP **CL ST **GL 
 Water status 
Functional 41.38% 83.33% 39.13% 42.73% 28.75% 49.79% 
Non-functional 58.62% 16.67% 60.87% 57.22% 71.25% 50.21% 
 Water quantity 
Sufficient 37.93% 76.67% 34.78% 36.08% 11.25% 23.46% 
Insufficient 62.07% 23.33% 65.22% 63.92% 88.75% 76.54% 
 Water quality 
Good 41.38% 86.67% 78.26% 53.48% 31.25% 62.96% 
Poor 58.62% 13.33% 21.74% 46.52% 68.75% 37.04% 
Note: BL—Bushland, WL—Woodland, SP—Swamp, CL—Cultivated land, ST—Settlement area, 
GL—Grassland. 
     


































      
Figure 23. Spatial coverage index analysis at the Wami and Kinyasungwe sub 
catchments.  
Note: 1 - 50 people (1 - highest coverage), 51 - 150 people (2 - high coverage), 151 - 250 people (3 - 
average coverage), 251 – 500 people (4 - below coverage) and above 501 people (5 - lowest coverage). 
4.4.3 Wami Sub-Catchment 
4.4.3.1 LU/LC Change Analysis 
LULC classes for the Wami sub-catchment from 2011–2016 were analysed, and the 
results are presented in Table 25 and Figure 24. Nine LU/LC class were identified: 
bushland, swamp, woodland, cultivated land, water, settlement area, forest, grassland, 
and open land. As shown in Table 25, woodland, bushland, and cultivated land were 
found to be the dominant LULC categories in 2011 and 2016. Cultivated land showed 
maximum positive changes, covering areas of 2679.33 km2 (18.59%) in 2011 and 
3655.96 km2 (25.36%) in 2016, while swamp showed minimal negative changes, 





















Woodland and bushland were observed to decrease during the study period, from 
8208.92 km2 (56.94%) and 1870.67 km2 (12.98%) in 2011 to 7511.02 km2 (52.10%) 
and 1685.75 km2 (11.69%) in 2016, respectively. Grassland and forest were found to 
cover corresponding areas of 632.79 km2 (4.39%) and 660.14 km2 (4.58%) in 2011, and 
decreased to 532.34 km2 (3.69%) and 627.88 km2 (4.36%) in 2016. Settlements covered 
an area of 22.73 km2 (0.16%) and 68.86 km2 (0.48%) in 2011 and 2016, respectively, 
showing an increase in coverage, while water was found to cover an area of 24.74 km2 
(0.17%) in 2011 and increased to 26.05 km2 (0.18%) in 2016. 
Table 25. Results of the LU/LC classification for 2011 and 2016 at the Wami sub-
catchment  
Year  2011 2016 2011-2016 
LULC  Area (km2) % Area (km2) % Area (km2) % 
Bushland  1870.67 12.98 1685.75 11.69 −184.92 −1.29 
Woodland  8208.92 56.94 7511.02 52.10 −697.90 −4.84 
Swamp  310.24 2.15 301.23 2.09 −9.01 −0.06 
Cultivated land  2679.33 18.59 3655.96 25.36 +977.09 +6.77 
Settlement area  22.73 0.16 68.86 0.48 +46.13 +0.33 
Grassland  632.79 4.39 532.34 3.69 −100.45 −0.70 
Water  24.74 0.17 26.05 0.18 +1.31 +0.01 
Forest  660.14 4.58 627.88 4.36 −32.26 −0.22 
Open land  6.32 0.04 6.32 0.04 0 0 
Total  14,415 100 14,415 100   
 




























Substantial increases in cultivated land were observed during the study period (2011–
2016), as shown in Figure 25. Cultivated land showed the highest increase in area 
coverage in the 2011–2016 change period, of about 977.09 km2 (6.77%). Growth in 
settlement area was also observed, at about 46.13 km2 (0.33%) in the 2011–2016 
change period. A slight increase in water (1.31 km2/0.01%) was observed during the 
study period. On the other hand, the other LU/LC categories showed a decreasing trend. 
Woodland and bushland showed significant decreases, by 697.90 km2 (4.84%) and 
184.92 km2 (1.21%) respectively. Grassland, forest, and swamp showed a decreasing 
trend during the study period, by 100 km2 (0.70%), 32.26 km2 (0.22%), and 9.01 km2 
(0.06%), respectively. 
 
Figure 25. LU/LC changes in 2011–2016 at the Wami sub-catchment. 
4.4.3.2 Spatial Regression Analysis 
Statistical tests, including the Breusch Pagan (BP) test and Moran I test, were performed 
































Wami sub-catchment. The test results were statistically significant (Table 26), 
indicating spatial autocorrelation in residues, and therefore a need to run the spatial lag 
and the spatial error regression models. 
Table 26. Diagnostics for heteroscedasticity and the spatial dependence weight matrix 
test for the Wami sub-catchment. 
Test Wami sub-catchment MI/DF Value Probability 
Breusch-Pagan test 6 45.1839 0.0093 
Moran's I (error) 0.7048 32.5792 0.0070 
 
 
For the estimates of the spatial lag model at the Wami sub-catchment, the populations 
served by water points were the dependent variable and the six LU/LC types 
surrounding the water point were independent variables. At the Wami sub-catchment, 
the number of populations served by each water point had a mean value of 
approximately 4879 and standard deviation of 2764, while the adjusted R-Squared value 
was 0.02336, which indicated that these variables explained the model. Table 27 shows 
the result of multiple linear regression using Ordinary Least Square (OLS) at the Wami 
sub-catchment. The p-value is less than 0.05 in the OLS test for bushland, woodland, 
cultivated land, and grassland, which proves that the model is significant. This table 
shows only those variables with p-values lower than 0.05, that can be considered 
significant predictors for the OLS model. Swamp and settlement have p-values of more 
than 0.05; this means they are not significant predictors for the model.  . 
Table 27. The estimates of the spatial lag model for the Wami sub-catchment. 
Variable Coefficient Std. Error t-Statistic p-value 
Constant 5399.46 228.936 23.585 0.0000 
Bushland 0.0052 0.0013 3.884 0.0001 
Woodland –0.0262 0.006 –4.303 0.0002 
Swamp –0.0059 0.0069 –0.2226 0.8240 
Cultivated land –0.0028 0.00068 –4.1474 0.0004 
Settlement area 0.00008 0.0007 0.0119 0.9903 
Grassland –0.0411 0.0062 –6.6003 0.0010 
 
4.4.3.3 Impacts of Individual LU/LC Changes on Water Points Characteristics 
The results of the impact of water point characteristics on individual LU/LCs are 
presented in Table 28 and Figure 26, while the spatial index analysis is shown in Figure 
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27. The spatial index is defined as follows: 1 - 50 people (1 - highest coverage), 51 - 
150 people (2 - high coverage), 151 - 250 (3 - average coverage), 251 - 500 (4 - below 
coverage) and above 501 (5 - lowest coverage). The results showed that bushland, 
woodland, cultivated land, and grassland were statistically significantly correlated with 
water point characteristics. For functionality characteristics, a significant effect was 
observed for grassland, whereby 40.00% of the water points were found to be in the 
category of not-function, followed by cultivated land (37.00%) and woodland (25.00%). 
However, fewer non-functionality water points were observed for woodland (18.60%); 
this implies that 81.40% of water points were functional. For water point quantity, 
sufficient water was found in grassland, with 100% of all water points having enough 
water, followed by bushland (98.80%), woodland (84.40%), and cultivated land 
(75.40%). Moreover, the results showed that all LU/LCs were observed to have a 
significant number of water points with good quality (grassland (100%), bushland 
(98.80%), and woodland (90.60%)), except for cultivated land (46.52%).   
Table 28. Percentage of LU/LC change impacts based on water point characteristics. 
Characteristics **BL **WL SP **CL ST **GL 
 Water status 
Functional 81.40% 75.00% 50.00% 63.00% 76.70% 60.00% 
Non-functional 18.60% 25.00% 50.00% 37.00% 23.30% 40.00% 
 Water quantity 
Sufficient 98.80% 84.40% 34.78% 75.40% 91.30% 100.00% 
Insufficient 1.20% 15.60% 65.22% 27.50% 8.70% 0.00% 
 Water quality 
Good 98.80% 90.60% 100.00% 53.48% 91.20% 100.00% 
Poor 1.20% 9.40% 0.00% 46.52% 8.80% 0.00% 






Figure 26. Graph showing LU/LC change impacts on water point characteristics. 
 
Figure 27. Results of the spatial index at the Wami sub-catchment.  
Note: 1 - 50 people (1 - highest coverage), 51 - 150 people (2 - high coverage), 151 - 250 people (3 - 








































The evidence shows that community water supplies in rural areas in developing 
countries, such as in Africa, are mostly insufficient and unreliable given the rate of 
population growth [48–50]. Safe and clean drinking water is one of the most vital needs 
of life [51]. Presently, water shortages affect approximately 40% of people across the 
world, and by 2030, the overall demand for water is estimated to increase by 50% [52]. 
Challenges in the water sector are linked with population increase, climate change, and 
LU/LC change, resulting in shortages of various societal needs, including the supply of 
safe drinking water [53]. Global trends such as LU/LC change pose severe challenges to 
resource management [54], including of water. Such changes are disturbing in the light 
of growing insecurities and pressures around managing resources [55]. Increasing 
human activities across the world are causing significant modification of the land 
surface, which has a severe effect on the functioning of global systems [1]. The effects 
include land degradation [56], impacts on hydrological cycles [57–59], and a decline in 
ecosystem services [60], including water for domestic use. LU/LC change is a 
worldwide phenomenon, which will continue to cause increased demand for water 
resources and their associated ecosystem services, particularly for drinking water [60]. 
While several researchers have observed how water resources are becoming strained 
due to LU/LC change, none have researched how water ecosystem services are affected.  
Using the spatial econometric technique, we analysed the impact of LU/LC changes on 
water ecosystem services for domestic use in the Wami River Basin. The LU/LC 
changes both upstream and downstream of the basin have already been presented. The 
findings during the study period (2011–2016) on different classes revealed that 
cultivated land showed maximum positive changes in both sub-catchments, while 
bushland and woodland showed maximum negative changes in the Kinyasungwe sub-
catchment and Wami sub-catchment, respectively. The results showed that bushland, 
woodland, cultivated land, and grassland were significantly correlated with water point 
characteristics in both sub-catchments. For functionality characteristics, a significant 
effect was observed for bushland and grassland in the Kinyasungwe sub-catchment and 
Wami sub-catchment, respectively, while sufficient water was found at the water points 
for woodland (Kinyasungwe sub-catchment) and grassland (Wami sub-catchment). 
Furthermore, the results showed that bushland had a significant amount of water points 
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of poor quality at the Kinyasungwe sub-catchment, while a significant number of water 
points of good quality were found in grassland of the Wami sub-catchment.  
Population growth and economic development have led to changes in LU/LC 
worldwide, while ecosystems services are continuously threatened by human activities 
and stand to be further affected [2,61,62]. Resulting changes can have positive 
consequences such as increased vulnerability, resulting in a decreased supply of 
ecosystem services including water availability and quality, especially in arid and 
semiarid regions [61]. With the rapid expansion of LU/LC, ecosystem services for 
drinking water will continue to be affected [63,64]. It is critical to research the 
typologies of water points and role of LU/LC changes in influencing water supply 
services [65,66]. Numerous concerns exist today in areas where demands on land and 
water ecosystem services can be high due to natural degradation from agriculture and 
settlement expansion [67]. The loss of ecosystem services such as drinking water due to 
natural resource reduction are not native phenomena, but rather a collective universal 
issue [68]. A number of studies have been performed worldwide showing that natural 
resources are decreasing, leading to losses of ecosystem services; namely, the 
supporting, regulating, and provisioning of services [57,69]. In future, the loss of 
ecosystem services due to unforeseen LU/LC change is expected to continue, especially 
in poor countries, and this will affect land and water resources, which provide a lot of 
ecosystem services [70].  
Water shortages and pollution are all signs of stress, especially in rural areas which have 
difficult interactions with the natural water cycle [71]. To reduce the damage to 
ecosystem services for drinking water around the basin, it is critical to identify land uses 
which are highly vulnerable to human activities [72]. The relative influence of the 
different LU/LC changes on water provisioning services and water supply is based on 
the LU/LC patterns affecting annual water available for drinking [63,73]. The impacts 
of cumulative pressures on ecosystems may not be observed for many years, until 
threshold point is reached, which activates rapid or permanent changes [74]. This will 
impact the supply of ecosystem services that are essential for human well-beings 
including provision of drinking water [75]. In order to more effectively manage 
ecosystem services, there is a need to understand how incremental impacts on 
biodiversity and ecosystems affect the goods and services they provide [76]. In this 
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context, efficient and protection-oriented plans and policies should be adopted for 
sustainable land and water resource development in the basin. 
4.6 Conclusion 
Our aim in this study was to analyse the impacts of LU/LC change on water ecosystem 
services for domestic use in the Wami River Basin. We found that the LU/LC changes 
and water point characteristic correlations are all statistically significant. We have also 
shown that different LU/LCs can affect drinking water services, with a likely drop in 
service coverage. Our study confirms the influence of LU/LC change on water point 
functionality, water quantity and water quality, and, therefore, we conclude that LU/LC 
change affects water ecosystems for drinking water in the basin. These findings point to 
an inherent reduction of natural resources, resulting from increasing agriculture and 
urbanization, and explain natural resource decreases in the Wami River Basin. Hence, 
they support initiation of dialogue on policies at the national level that could emphasise 
either land-use and water resource choices, or motivations that could potentially be used 
by the community regarding natural resource protection. A very strong argument exists 
in these cases to develop a nexus of land and water resource systems for environmental 
protection, including decreasing or preventing impacts. However, such an act may be 
challenged if the relationships between land, water and other sectors have not been 
clearly determined due to a lack of data. This critical problem alarms stakeholders in 
land and water resources in terms of the implementation of a resource nexus system that 
takes other sectors into account. The demand for sustainability, accountability, and 
incentives for rural water supply services may evidently arise. For example, 
compensation schemes and data on the water supply can be developed if a well-defined 
link can be established between land use management and the water supply, both at 
economic and hydrological intensities. Furthermore, for the sustainability of rural water 
supply services, we suggest numerous policy effects to optimize resource management 
in the basin. First, the authority should make use of the Water Point Mapping System to 
establish inter-sectorial cooperation mechanisms, reinforce temporal and spatial data 
availability in the basin, and build specific standard bases for services. This will help to 
increase water ecosystem service benefits, while reducing the spatial and temporal 
effects of LU/LC change and other factors. Second, other factors such as operation and 
maintenance, technology, financing, and management of water points determine the 
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standards of the services. Thus, construction of new water points must be based on a 
researched evaluation of suitability, as well as the management capacity of an area. At 
the same time, proper land management in the basin could prevent impacts on the 
environmental ecosystem and reduce challenges to water ecosystem services. 
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5.1 Abstract 
The nexus concept has emerged in recent years indicating an increasing demand 
on the resources such as water, food and land and their complicated relation. Natural 
resource consumptions are depending on one another concerning welfare and ecological 
outcomes while demanding plans are necessary to balance the prices of trade-offs and 
classify the synergies within them to integrate all goals. This paper offer our idea of 
water-food-land nexus, by providing attention to how it relates to the agriculture 
expansion. Our focus considered interconnected, processes and significance of 
understating relationship and explore challenges toward agriculture expansion. We 
identify trade-off between to extend our understanding and updating scientists 
concerning about our opinions on how agriculture expansion affects water ecosystem 
services. Further, we assess the synergies related to the influence of agriculture 
intensification and anticipation of water services concerning data availability. The nexus 
approach showed a clear integration and the interaction between sectors, which give a 
room for combining research to proceed and results to be employed. Specialists must 
aware that, owing to the water-food-land nexus connections, knowledge and strategy 
variations may cause either co-benefits or unplanned trade-offs and synergies while 
ecosystem services effects varying based on the way the changes are guided. Also, 
water, food and land efficiency use would be managed by controlling trade-offs and 
enhancing optimistic synergies. However, successfully coping and handling future use 
and demands depend on practical resources management requires the good dataset. 





The nexus concept has emerged in recent years indicating an increasing demand 
on the resources such as water, food and land and their complicated relation [1]. Current 
there is a growing concern about increasing demand for food [2], while is projected that 
by 2025, almost 1.8 billion people will live in areas with complete water shortage and 
approximately half living in situations of water stress [3]. As global demand for water, 
food  and land continues to rise, supplies of these connected resources are becoming 
less protected [4]. Increasing human anthropogenic activities around the biosphere are 
resulting to a significant change of the land cover, which effect the global ecology 
systems [5]. Such developments are upsetting in the light of cumulative uncertainties on 
resources management caused by global change [6]. Global trends such as a change in 
land use, population increase and climate change pose severe challenges to integration 
and sustainable development of resources management [2].  
Natural resource consumptions are depending on one another concerning welfare 
and ecological outcomes while demanding plans are necessary to balance trade-offs and 
classify the synergies within them to integrate sustainable resource management [7]. 
Identifying the links across water, food and land sectors for future generation while 
equally improving their current competence is a win-win approach for environmental 
sustainability and human well-being [7]. These require an understanding of connections 
between resources systems, services, and managing policies to enhanced governance 
and sustainability of natural resource [8,9]. Previous, interdependencies between water, 
food and land have been ignored in sectoral policies beside the consequence of trade-
offs relatively than connection and support of synergies [10]. Policies will need the 
basic analysis of nexus interactions in terms of resource consequences on ecosystems 
services for better decision [11].  
Nexus concept developing an understanding that resources are limited to a 
significant degree and affecting economic progress and human welfare goals while 
analytical interactions is essential to influence synergies that support to balance trade-
offs [12,13]. Hence, the worldwide researchers have combined their efforts to study the 
water, food and land nexus in a holistic basis to address these challenges [7,14]. The 
land is a major source of natural resources including water, soil, nutrients and minerals 
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for ecosystem services [15]. Many existing problems in ecology services managing 
(e.g., reduction of soil erosion and maintenance of water quality) occur within 
ecosystem boundaries and over wide spatial scales they are induced by pattern of land-
use [16]. The effects of the land-use change include soil degradation, loss of 
biodiversity, land degradation, hydrological cycles and a gradual decline in ecosystem 
services [17-21]. The essential functions of land of a good-quality and their actual 
benefits usually taken for granted and miscalculated, leading to severe degradation, 
which deteriorates the ecosystem services [22] and hinders agriculture productivity. 
Consequence of these increasing demands, humans nowadays anticipate farming to 
supply more, including clean water, energy, food, biodiversity and employment [23]. 
Agriculture is essential in sustainable development while more than a 1/3 of the 
land and approximately 3/4 of freshwater are used for agriculture [24,25]. In developing 
countries, particularly area suitable for agriculture is key to food security and economic 
growth [26]. According to Kurian and Ardakanian [2], majority of the land appropriate 
for farming is now cultivated. At the same time, the rest of virgin land found in an areas 
that are very wet, dry, hot, cold, or else unreachable. The sustainable use of land for 
agricultural is an issue of global concern while interactions between them are involved 
[27]. Significant changes in land patterns are projected in the next couple of decades, 
and policy needs to respond to these, including to convert agriculture in an 
environmentally friendly [28]. Currently, agriculture contribute 24% of earth output, 
engaging 22% of the worldwide population while occupies 40% of the land [29,30]. 
Moreover, worldwide most of the poor people living in rural areas, where farming is the 
primary source of income [31]. Agriculture encounter different threat due to the need 
for expanding production while concurrently reducing adverse ecosystem service 
impacts [32]. While the stress is mainly critical for present and future on land, a further 
clear understanding of the land dynamics lead to agriculture and ecosystem services 
linkage is necessary [33,34].  
As farming interacts with soil and water, it is crucial to evaluate trade-offs 
between the positive and negatives impacts [35,36] including variations and ecosystem 
services. It is more significant to analyse how trade-off can benefit decision-makers 
developing approaches that view opinion for both water ecosystem service and land 
expansion [37]. Challenge to develop this understanding involve difficulties in 
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landscape natural functionality, spatial mismatches and time lags in how land-use 
change influence agriculture and water ecosystem services [38]. In these contexts, this 
chapter is evaluating water-food-land nexus as a means of identifying trade-offs and 
synergies across sectors and offer a framework for understanding nexus science, its 
application and potential solutions. 
5.3 Nexus Concept and Interlinkage  
The nexus idea was initially used in the 80s, signifying to the inter-dependencies 
among natural resources [39]. The approach explains trade-offs and identifies synergies 
while developing principles for sustainable management of resources to understand 
future dynamics [2]. According to Klein et al. [40], synergy is the interaction of change 
and moderation so that their merged impact is larger than the summation of their impact 
individually while trade-off is a balance of adjustment and relief once it is not feasible 
to conduct jointly activities at the same period. Trade-offs and synergies can happen 
spatially or temporally [41]. The nexus approach framework enables integrative 
modelling of trade-offs to advance synergies in decision making on resources 
interactions and ecosystem services [42]. Further, they relate to the provision of 
ecosystem amenities, in addition to the socio-economic and welfare benefits of unalike 
groups of individuals [41]. Lately, the nexus idea has been incorporating the 
relationships among nature, health and welfare by providing ideas related to the 
sustainable use of resources [43]. These include compromising and negotiation of 
management of trade-off while signifying synergy inter-connection demands [44] and 
improve our knowledge of ecological management balance [45].  
Standard drivers and direct interactions can influence ecosystem services and both 
may push service delivery in the same or reverse directions resulting to optimistic 
(synergies) or damaging (trade-offs) relationships [46]. These are a science-informed 
process whereby scenarios and trends in ecosystem service delivery are assessed to 
improve main concern across government, civil society and stakeholders [9]. Water, 
food and land are closely linked while food production requires both water and land 
with the close linkages among them described by agriculture demand for water and land 
[47]  (Figure 28). Currently, 280 million ha of land is under irrigation worldwide while 
approximately 3/4 of it is found in developing countries and nearly 5% is in Africa 
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[48,49]. Agriculture irrigation has the highest relevance to water shortage and degraded 
land with a substantial effect in terms of pollution, erosion, and water resource depletion 
[50] caused by an advance irrigation practices, biotechnology and pest management 
[51,52]. Globally, the most global consumer of water include cropping activities, 
livestock and aquaculture while irrigated farming accounts for nearly 70% of the whole 
freshwater extractions worldwide [53].  
It is projected that, by 2050 the volume of evaporated water throughout crop 
production will roughly double regardless of improvement to existing agricultural 
practice [54]. These will cause an increase in the water extracted for irrigation from 2.6 
billion cubic kilometres (2005–2007) to 2.9 billion cubic kilometres (2050) globally 
[55]. Moreover, the increase in production will increase sediment runoff and cause the 
effect on quality of water due to siltation, nutrient, chemical and other agrichemicals 
polluting ground water and surface [55,56].Productivity is declining in agriculture 
globally while the focus on agricultural extension in the land for irrigation has increased 
by a factor of two [57]. The extent of irrigated land is gradually increasing yet 
salinization, silting and waterlogging, continue to reduce productivity [58]. Several 
statistics highlight that nearly 1/3 of worldwide land under irrigation has less yield due 
to weak management of irrigation, causing salinity and waterlogging while yearly about 
1.5 Mha of an irrigated lands is lost due to salinization [55]. Production damage owing 
to land degradation for the past decades has been projected at around 12% of entire 
production from rainfed and irrigation or about 0.4% per annum collectively [59].  
According to Wagener et al. [60], water ecosystem system are effected by human 
activities due to land-use change causing excessive groundwater extraction, distraction 
of river flow and changing groundwater recharge. The water ecosystem service and 
land-use change are linked, in contrast, the provision of water ecosystem service is 
direct related with the hydrological processes, which are affected by land-use in the 
river basins [61-64]. On catchment level land-use changes affect surface runoff, floods, 
evapotranspiration, infiltration rate, water quality and groundwater recharge among 
others [65]. Furthermore, forest cover and agricultural influence impacts on the water 
reserves and may affect the accessibility to different users [66]. However, water 
ecosystem services control factor that will cause land-use change since different land-
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use have different water use [64] and water services actively restrict land-use variation 
in the arid region.  
 
 




5.4 Exploring Agriculture Expansion and Drinking Water Supply Services 
Challenges. 
5.4.1 Agriculture Expansion Challenges. 
Several studies highlight that water and land resources for food production are 
facing significant pressure and deficits [67-72] while increasing demands for these 
resources in the coming years is anticipate [13]. These findings identified population 
increase, economic development, topographic and climate change variables as 
significant drivers of agricultural intensification [72]. Due to the substantial 
interconnection among sectors, the nexus bond are anticipated to increase in the future 
while numerous factors affect water, food and land interaction may vary [73]. Three 
major driving factors are discussed below.  
The population is expected to increase to 9.6 billion by 2050 thus overall food 
production should be increased by 100% by 2050 [74,75]. These demands are the 
outcome of an increasing population, income stability, more universal attention on 
economic and varying nutritional preferences [76]. In the background of population and 
wages increase, it is expected that by 2050 agricultural product will rise up to 80% 
above today’s level of production [77,78]. These raised population density stressed the 
capability of the food production, ecological provision system and decline resources 
[79,80] and thus threatening sustainable development [13]. Moreover, three-quarters of 
the poorest in developing countries live in countryside and rely on agriculture for their 
income [81]. However, increasing these pressures expect cultivation to supply more, 
including nutritious food, energy resources, biodiversity conservation, employment and 
clean water [23].  
Significant alterations in land-use resulted from extensively agriculture caused 
notably land-use patterns globally [82]. Agricultural intensification including damage of 
the vegetation cover has been recognized as the main path of land-use change in Africa 
[83,84]. A reduction in existing land per capita owing rapid population growing, climate 
change and agriculture are causing the conflict for land resources [85,86]. These 
pressure will demand further land for farming or agricultural intensification on current 
productive land [87,88]. In developing countries, particularly area suitable for 
agriculture is key to food security and economic growth [89]. In various parts of the 
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earth, land use for agriculture are already higher than natural replenishment level [90]. 
Moreover, agriculture intensification caused stress on ecosystems services by rising 
demand for more land to produce water, food, energy, fiber and minerals [91].  
The change in climate is likely to rise the intensity and duration of droughts in 
semi-arid and arid areas [92]. The most severe effects such as pollution, watershed 
variations and water ecosystem services reduction have been detected in areas under 
severe water scarcity and agriculture intensification [91,93-95]. Therefore, the 
competition for water to irrigate increases the influence of climate irregularity and 
increases exposure to climate change [91]. As small farmers are less disadvantages and 
are less access to natural, physical, financial and institutional resources [94, 96, 97], 
they are more exposed to climate change effects [98]. However, to contest against 
vulnerability to climate change, an appropriate adaptation demands effective use of food 
and water resources [99]. 
5.4.2 Water Supply Services Challenges. 
Worldwide, around 1.1 billion people do not access safe drinking water while 
300 million people (approximately 80%) are found in Sub-Saharan Africa with majority 
of them who are the poorest and extremely vulnerable [100]. Without safe water close 
to households, the livelihood and health of people can be severely affected; children’s 
education affected as the daily duties of existence take priority entirely than other 
concerns [101]. One way of addressing this universal water crisis is where by an 
individual right to potable water for all humans is the must. The Water Conference of 
United Nations (UN) in 1977 declared that “All individuals, without discrimination 
have the right to have access safe drinking water in quality and quantities equal to their 
basic needs” [102]. Sufficient water services and suitable water quality are vital basics 
in well-being and good health of individuals, ecosystems, social and economic 
development [103]. Further, access to safe drinking water is quality and vital to human 
existence but also connected to wider conditions of human growth involving self-
possession and gender equality [104]. Safe drinking water is a key for welfare and a 
fundamental individual right, but it is denied to many people living in the developing 
world [105,106].  
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According to the UN [107], 35% of the developing states have achieved or/on 
track to improved water target but 57% of countries in Africa are extremely off track in 
improving safe water supply services. Despite the efforts by authorities, stakeholders an 
international community, people still have no access to improved safe drinking water 
[105, 108]. Water supplies are limited and are without substitutes, while inequality in 
access due to poor crisis challenged the world [105]. These crisis resulted by increasing 
shortage of freshwater, deterioration of water quality, fragmentation of water 
management, nationally and globally [109]. Many improved water points in developing 
countries are contaminated during rain seasonal due to runoff from agriculture inputs 
[110]. When these contaminated are considered, approximately 20% of the population 
living in rural area will not have access to safe water supply services [111]. Water 
quality is a global fear caused by the substantial role that it influence in social and 
economic [112]. The water degradation translates into economic and social effects and 
the deterioration of the ecosystem [112]. There achievements of local water quality is 
improving, but no proof suggests an inclusive increase on a global measure has been 
achieved [74]. 
5.5 Trade-off between Agriculture Expansion and Water Ecosystem Services 
Over time, human well-being is heavily relying on agriculture products. The 
agriculture production are treated with urgency and deliberately improved due to it vital 
roles in the supply of services and goods for the human livelihood human though 
specific associated damage are ignored [113,114]. Agriculture expansion and water 
ecosystem services are severe complex and of significant nature contexts on spatial 
distribution and temporal disparity. Identify trade-offs between them at different scale 
would benefit decision making process about sustainable water ecosystem services 
within geographical, ecological and socio-economic extents [115,116]. Besides, it 
facilitate policy maker and experts an advance understanding of the possible 
consequences of unstable action to water system services in the practice of land-use 
management [41]. Considering the complexity and interactions of the agriculture 
production and water ecosystem services for welfare, studies on the trade-off 
investigation concerning the regulating services and provisioning on the connection of 
several resources services are frustrating [117].  
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Historical people transformed the land extensively for farming to meet the 
growing demand for services, which upset the existing and future generation of various 
regulating amenities and ecosystem services [118]. Agriculture intensification is an 
excellent example in this case. Agricultural land covers approximately 35% of the 
global surface, providing services such as food, water and regulating services such as 
climate and soil erosion, including supporting cultural services [119]. The agricultural 
intensification associated to the provisioning ecosystem services usually reduces other 
ecosystem services linked to the regulating and maintaining social services [120].Some 
studies examined the likely trade-offs between water ecosystem services and agriculture 
intensification and specific trade-offs have been well-known. Land plays a vital role in 
water resources involving soil moisture control, surface water and groundwater storage 
[121]. Land-use changes caused by agriculture intensification will affect these roles and 
cause changes in water accessibility and quality [121]. These often lead to the 
degradation of groundwater and surface waters quality with increased nutrients, heavy 
metals and toxins [122].  
Thus, the decline of water and land regularly coincides, causing reduction of 
water ecosystem services and reducing capacity for food production and income 
generation [123,124] in the future. Agriculture intensification affects infiltration, flow 
and retention of water while cause low infiltration rate, increasing base flow, peak flows 
and floods. Also, soil erosion are usually high rising in bad water quality. The provision 
of adequate amounts of clean water is a basic natural service offered to agriculture 
production. Ecosystems service can purify water and control its movement into farming 
systems, offering enough amounts at a suitable time for plant growth. Integrated 
management of an ecosystem services could bring water and land sectors into a nexus 
framework to mitigate the undesirable trade-offs and create co-benefit. Trade-offs are 
apparent and demand to be considered and evaluated in designing optimal solutions 
whereby is not always lead to win-win balance. Ecosystems services assessment can 
help to raise efficiencies and enhance production values, but the cost is in the judgement 
of the beholder. The operation of this concept requires an integration of land use choices 
across farms to achieve land scale benefits, at the same time, ensuring that countrywide 
level strategies can be gathered. Potential trade-offs would need to be well-known with 
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existing data when establishing all conservation policies that directly or indirectly affect 
how land is managed.  
5.6 Synergies and Role of Data to Improve Accountability in Governance for 
Sustainable Water Ecosystem Services 
Agriculture intensification effect on water ecosystem services forces management 
options that resulting to long-term effects of the agriculture production [125,126]. 
Several decisions might result to synergistic effects on water ecosystem services 
[127,128]. For example, on agroforestry systems synergies can be achieved while 
planting trees may improve water quality and quantity and long-term productivity. 
However, people living upstream of a basin may benefits from agricultural production 
though the people downstream of the basin may be affected by the water quality that 
would have been provided by the forested catchment [129]. These show how assessing 
the synergies for a particular decision is difficult since benefits might be felt in different 
directions. Increasing the profits of ecosystem services involves a practical assessment 
of the potential interactions of agricultural practice options relevance to associated 
effects. Human welfare is subjected on a complex interconnection between the farming 
practices and the availability of water ecosystem services. The sectors expert have a 
responsibility to help on the formation of policy and disseminate education to 
stakeholder concern.  
The plan for trade-offs and synergies to empowers decision makers to maximize 
the availability of drinking water ecosystem services to enable long-term benefits for 
humanity. To achieve water ecosystem services benefits, understanding the link 
between stress and conditions for protection and management is the must. The 
accessibility of water services is inadequate in most developing countries; however, 
most governments support the ecosystems services protection to secure long-term 
benefits. The ecosystem services mapping is directly related to land-use change and for 
water ecosystems services the assessment is more complicated, the interaction between 
land, water and hydrological cycle has to be taken into account. Furthermore, the 
scarcity of data to assess the water-related ecosystem services could be one of the 
significant challenges for water researcher. The post-2015 development agenda is being 
140 established with focus on supporting production and use of better data in policies 
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and monitoring as fundamental means for change [130]. The development efforts that 
followed this obligation oriented towards increasing levels of safe drinking water 
coverage.  
Successfully management with water ecosystem linked problems and future 
demand connected to agriculture intensification will depend on data (e.g. Water Point 
Mapping (WPM)) concerning the actual and likely situation of the water ecosystem 
services and socio-economics [131]. The Ministry of Water Tanzania, adopted the 
WPM system for improving rural water supply services accessibility [132]. WPM is the 
process of tracing water points and assembly related data using any present technology, 
the data is collected later available to different users [133]. WPM system is used to 
improve water supply coverage while it highlights issues of equity and functionality at 
district level by monitoring the distribution and to inform the planning of investments. 
WPM will help in many policies and planning decisions, a situation that conceivably 
decreased the risk of inappropriate measures being adopted. Further, the system 
visualizes the spatial allocation of water point quality highlight [131,134] critical area in 
response to agriculture intensification. The biggest challenge of the whole scheme is the 
routine data acquisition and data quality [134] including lack of up-to-date information 
to cover other essential aspects concerning water services accessibility. 
 In 2015, the study by UNU-FLORES to identify roadmap to address the issues of 
water points mapping system in connection of improving water services highlighted the 
following governance concerns. WPMS to be useful as a monitoring tool, the system 
should not only have a solid updating mechanism in place, but the information collected 
should include those relating to financing, staffing and data management [45]. In 
coming years, water ecosystem services will increase to meet growing demands as 
global water quality declines and populations go to less quality and remote water 
sources. Data might be an important requirement to improve decision but it is not only 
requirement to improve institutional of water services. There are other measure should 
be taken in holistic way involving other stakeholders and across sectors. The Nexus 
approach through its focus on trade-offs analysis offers the elements of a data 
management strategy as the following discussion will show. 
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5.7 The Nexus Approach and Synergies based on improved Management 
Information Systems (MIS) 
The latest World Development Report ‘Data for better lives’ points out that 
Management Information Systems (MIS) within large bureaucracies are often ill-
equipped to handle feedback on resource use and management of public infrastructure 
[135]. The Nexus approach by focusing on trade-off analysis offers a way to structure 
data collection and analysis to support decision making. For this purpose, a two step- 
approach has been identified via (a) typologies of trade-offs and (b) development and 
pilot-testing prototype indices [136]. This thesis by identifying a trade-off between 
water quality and agricultural intensification offers a basis for future research to design 
data collection protocols that can inform data aggregation, collection and, analysis in 
support of evidence- based decision making by the Ministry of Water and Irrigation in 
Tanzania. Given the economics of water, synergies, WPMS can be considered one of 
the tools for managing water demand and promoting equity, efficiency, and 
sustainability in the water sector [137,138].  
This thesis has focused on water points as a source of water supply for domestic 
purposes- drinking, kitchen gardens and poultry rearing. In a given bio-physical context 
land cover and land use influences the water availability at the water points, due to low 
recharge (land cover) and intensive water use (irrigation) for crop production, etc. 
Therefore, the trade-off could be minimized through interventions like land use and 
crop changes, technologies, rainwater harvesting interventions and reuse of water. 
These trade-offs or linkages can be assessed using regression analysis and based on data 
from water points in the study region. Based on initial reflection of literature and 
available data the relationship between water quality and agricultural intensification 
may be expressed as follows: 
WPEt1= f (Xi…n; Yi…n; Zi…n) + Ui. 
Where: 
WPEt1= Water point efficiency in typology one (sub-region) i.e., in terms of meeting 
the water demand. Extent of water demand met by the water point, which could range 
between 0 - 100. 
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Xi..n = Bio-physical factors (rainfall, soils, slope, etc). As the bio-physical characters 
may not vary in a specific sub-region. 
Yi…n= Land cover and land use variables (forest cover, crop area, area under irrigation, 
share of water intensive crops, etc) 
Zi…n= Intervention related variables viz., density of water harvesting structure, extent 
of water reuse, coverage of micro irrigation, extent of high input intensive agriculture, 
etc.  This analysis could be carried out for 2-3 sub-regions of the study area based on a 
characterization into high, medium and low based on trade-off intensity. 
5.8 Monitoring Drought Resilience based on typologies and a composite Nexus 
Index 
Initially, two separate indices can be created for agriculture intensification (using 
the above data on Y and Z variables) and water quality. Readily available data 
(indicators) data can be used for constructing a prototype index for Wami river basin in 
Tanzania. Progressively, governance indicators can be introduced to create a Drought 
Resilience Effectiveness Index (DREI) that uses data from water points, secondary 
review of reports covering sectors of forestry, food, water, and agriculture and a review 
of published literature on droughts/disasters and resilience of food and agricultural 
systems. This thesis has been able to furnish some of the infrastructure related 
indicators that can cover: i) functionality (% of water points functioning in the region); 
ii) reliability (in terms of regular supplies- % households reporting good reliability); iii) 
sufficiency /coverage (% of households getting enough water); and iv) water quality (% 
of households reporting good quality of water). There are other factors like climate 
(rainfall and temperature variability) that can play an important role. Further, other 
aspects that will need to be considered while compiling a composite DREI could 
include data for the main competitor for drinking water which is irrigated agriculture. 
This analysis will examine the trade-off between domestic water services and 
agriculture intensification. The trade-off is a relationship that may be evident in 
declining water quality due to increasing agriculture water use practices such as use of 
fertilizers. On the other hand, increasing demand for water supply could potentially 
affect the availability of water for irrigated agriculture. Demand for irrigation is 
intricately linked with agriculture intensification or agriculture intensification is often 
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dependent on availability of irrigation. Agriculture intensification is determined by area 
under crops (% crop area), area under irrigation (% area irrigated), crop intensity (% 
area under double cropping), forest cover, area under drought resistant crops, area under 
micro irrigation (sprinkler/ drip), etc. The trade-off between WPE and AI could be 
monitored when we have the indices for multiple regions based on a characterization of 
nexus typologies of high, medium, and low. 
5.9 Conclusions 
As the contributions on this paper, there has been a connection between 
agriculture expansion and water ecosystem service, which have set a basis whereby the 
water-food-land nexus can be developed. The connection produce benefits, critical and 
common challenges that corresponding to synergies and substantial contribution 
towards addressing resource use. We offer our vision of the water-food-land nexus, 
giving attention to how it relates to the agriculture intensification. Our focus considered 
interconnected and processes of water, food and land and discuss the significance of 
relationship and explore challenges. We identify trade-off between water, food 
production, and land to extend our understanding while informing researchers about our 
opinions toward the agriculture intensification. Further, we assess the synergies related 
to the contribution of agroforestry systems to the provision of water services with data 
availability. The nexus approach showed a well-defined opportunity of integration 
around interacting areas of all sectors and allow research to progress and outcomes to be 
implemented.  
There is a need for a modification of resource management systems to improve 
strategies to overcome the water ecosystem services challenges connected to agriculture 
expansion. Ultimately, new control systems are needed, including cross-cutting sectoral 
strategies which control trade-offs and identify and strengthening the synergies for long 
term benefits. These clarifies that the nexus concept is needed to address the integration 
of land and water issues in a more reliable way. However, change for current trend and 
request for effective and long term solutions will allow land and water issues to be 
addressed in an appropriate, importance and combined way. Specialists must aware that, 
owing to the water-food-land nexus connections, knowledge and strategy variations 
may cause either co-benefits or unplanned trade-offs and synergies while ecosystem 
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services effects varying based on the way the changes are guided. Furthermore, 
efficiency resource-use should be addressed by mitigating and enhancing 
existing/creating positive synergies. However, successfully coping and handling future 
resource demands depend on practical resources management requires dataset.  
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6. Conclusion, Recommendations and Outlook 
6.1 Conclusion and Recommendations 
• The spatial data and corresponding mapping can be used as an indicator of water 
service improvement by providing information on seasonal water access. They 
offer evidence about the actual access to water in times of difficult and are 
relevant to areas which rely on vulnerable sources. The approach based on large-
area field data can be used to identify seasonal variations in the spatial 
distribution of the water services regarding quality and quantity. If the data are 
updated, they will offer other essential access aspects including the vulnerability 
of the water services. 
• A low-cost change analysis based on remote sensing imagery from different 
sensors made it possible to quantify and map the changing pattern in land-
use/land-cover in the Wami River Basin. With a time-series of maps, change 
analysis can reveal the overall development of land distribution, including the 
detailed detection of an area different types of changes. Moreover, the results 
can give insight of the proper management of the basin including land-use 
planning to avoid resource-use conflicts between upstream and downstream 
users. However, the use of very high-resolution multispectral satellite imagery 
may offer even more details of changes in the area.  
• Spatial econometric technique highlighted the impact of land-use change on 
water ecosystem services. Hence, they support dialogue on policies at the 
national level that could emphasize either land-use and water resource choices, 
or motivations that could potentially be used by the communities regarding 
natural resource protection. At the same time, proper land management in the 
basin could prevent impacts on the environmental ecosystem and reduce 
challenges to the water resource. 
• To improve the sustainability of rural water supply services, we suggest 
numerous policy actions to optimize resource management. First, the authority 
should make use of the different spatial systems to establish inter-sectorial 
cooperation mechanisms, reinforce temporal and spatial data availability, and 
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build specific standard bases for services. This will help to increase water 
ecosystem service benefits, while reducing the spatial and temporal effects of 
other factors. Second, other factors such as operation and maintenance, 
technology, financing, and management of water services determine the 
standards of the services. Thus, construction of new infrastructure must be based 
on a sound evaluation of suitability, as well as the management capacity of an 
area.  
• For the above mentioned cases there exists a very strong argument to develop a 
nexus of water, food and land for environmental protection. However, such an 
act may be challenged if the relationships between sectors have not been clearly 
determined due to a lack of data. This critical problem alarms stakeholders in 
terms of the implementation of a nexus system that takes into account a series of  
sectors. The demand for sustainability, accountability, and incentives for 
services may evidently arise and these might influence the links between sectors 
for sustainable management in both the economic and the hydrological 
framework.  
• The reduction of natural resources supports the initiation of dialogues on 
policies at the national level that could emphasize either land-use and water-
resource choices, or motivations that could potentially be used by the 
community regarding their protection. Such an act may be challenged if the 
relationships between water, food and land and other sectors have not been 
clearly determined and hence fail to implement nexus concept that takes other 
sectors into account. Hence, successfully coping and handling future water-food-
land demands depend on the effective management of the resources and of the 
required corresponding datasets.  
• The nexus approach showed a clear scope of integration over the interacting 
sectors, which may allow interdisciplinary research to progress and outcomes to 
be implemented. Specialists must be aware that, due to the nexus relationships, 
knowledge and strategy changes can end with either co-benefits or unintended 
trade-offs and synergies and environmental impacts depending on in what way 




• Strategies in pursuit of sustainable water, food, landuse might be a prerequisite 
in the implementation of the sustainability of rural water supply services. 
However, the knowledge base for sustainable water, food, land management at 
different scales (temporal and spatial) needs to be improved, both on the local 
and region level. Towards this end, further development of existing or new 
approach will be required specifically regular monitoring of water, food, land 
use and updated data base would represent important milestones on the way 
towards a sustainable future.  
• A tool for sustainable management that integrate water, food, land and other 
sectors that can serve as spatial decision support system is required to help 
monitoring the water ecosystem services competition among different users. 
Monitoring is important to ensure sustainable water supplies for which we need 
to develop integrative models based on data collected from various sectors, 
sources and using different GIT-based approaches.  
